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Abstract: 
 
Transgenerational epigenetics is defined as epigenetic marks on DNA which are transferred to the 
gametes and which are retained through reproduction. This project explores the current state of 
transgenerational epigenetic research and how the latest findings in the field of epigenetics 
provides new perspectives for the way development and heredity are studied. This is done from 
the perspective of epigenetics providing a theoretical framework for a reconciling of reductionist 
and holistic epistemological schools into a neutral approach to life sciences. We make use of three 
case studies: the influence of parental experience in the fear response of the offspring in mice, 
the effects of parental care in the stress response of rat pups and epigenetic inheritance on the 
agouti locus in mice. These cases are studied in terms of their epistemological strengths and 
weaknesses and the implications the results have for the fields of heredity and developmental 
biology. In conclusion, development extends further than traditionally thought, especially in the 
question of reproduction, where epigenetic programming can occur even after the gametes are 
fully developed and persist throughout the process of reproduction. Inheritance must be 
rethought to include non-Mendelian mechanisms, which act gradually and show strong signs of 
not being independent and seem to code for traits acquired from life experience. These changes 
in the paradigms of heredity and development also imply new avenues for the study and 
treatment of hereditary and developmental disease, as well as present new ideas in the field of 
evolution, where random variation is not the only force driving diversity and adaptation. 
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1. Introduction 
 
Introduction to the topic 
The topic of epigenetics had piqued the interest of some of the group members since the start 
of their study at RUC, yet opportunity in terms of supervisor specialty or relevance to 
semester theme had not presented itself. We especially found the age old question “nature 
vs nurture; what makes us who we are?” interesting in relation to epigenetics and thought of 
epigenetics as a bridge between what is traditionally considered an “either or” scenario as a 
settlement of said question. Therefore, when it was presented as a project idea for this 
semester, we were ready to begin preliminary research in the field (epigenetics), and in that 
endeavor we found that it wasn’t just a relevant question in today’s world, it is one that we 
may be able answer using epigenetic findings.  
According to geneticists/scientists, epigenetics is the study of alterations to DNA, usually in 
the form of markers, which do not include changes to the DNA base pair sequence. 
Transgenerational epigenetic inheritance refers to epigenetic changes in DNA transferred to 
subsequent generations. These changes may influence the phenotypic expression in the 
subsequent generations. In this context, phenotype refers to the effects of the expression of 
a gene in an organism after DNA has been transcribed and translated.  
Traditionally, variation in phenotypic inheritance has been thought of as equating simply to 
variation in genetic code or DNA (via mutation and randomization). This report seeks to posit 
this view of understanding as ‘reductionist’, and propose that epigenetics provides a road of 
communication between the cell’s most basic inner working and the intracellular and social 
and physical organismal environments. In doing this, we suggest that epigenetic processes 
and mechanisms can be used to bridge the understanding of a more ‘reduced’ vantage point, 
to that of a more ‘holistic’ picture of phenotypic inheritance and development. 
Epigenetics and the development of that field of science, can be used to illustrate (albeit 
without much formality) a relatively recent paradigm-shift within the biological sciences in 
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fields like evolutionary biology and inheritance of behavioral traits, therefore the report will 
focus on the mechanisms and cases involved in transgenerational epigenetics. 
This is both to obtain some focus in a field that is vast, and to answer our research questions. 
For example, we won’t be delving into the field of epigenetic modifications related to cancer, 
since thus far cancer has not been linked to transgenerational epigenetic inheritance. Further 
research in the area is key to a deeper and more applicable understanding of the biological 
pathways involved in conferring epigenetic changes to human DNA. Then, besides how 
disease and behavioral development will benefit greatly from said understanding, epigenetic 
modifications conserved through generations of an organism changes the how evolutionary 
biology is thought to function. 
Recent studies have shown how factors like stress or poor maternal care lead to epigenetic 
changes to DNA that do not get “erased” in the process of gamete formation and continue to 
be expressed as phenotype in subsequent generations (1). 
In the context of our research question, the report will outline some basic mechanisms of 
epigenetic modifications, definitions of concepts pertaining to transgenerational epigenetic 
changes, research methods currently employed in the field by researchers and finally a 
discussion on how we propose epigenetics supports a big-picture understanding of biological 
systems at play in the development of organisms. 
 
The discovery of epigenetic modifications 
The history of epigenetics is closely linked to the study and discovery of evolution and 
development. Its concept has its origins in the late nineteenth century with the early studies 
of cellular biology and embryology, which gave the starting point for the research that led to 
our present understanding in the relationship between genes and development. (2) 
When the word epigenesis appeared, it first represented the process in which a fertilized egg 
develops into a complex organism, which means all of the regulated processes that, beginning 
with genetic material will shape the living being. The term epigenetics was first used in 1942 
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by Conrad Waddington, he used it in the sentence “epigenetic landscape” as a metaphor for 
biological development. (3) 
Since that time, this term has been evolving into its actual meaning. As mentioned in the 
introduction, today’s understanding of epigenetics can be described as the heritable changes 
in gene expression, which are not involved with changes in the DNA sequence. 
 
Causation and correlation  
Correlation does not imply causation. Causation is an idea that can be illustrated by a very 
simple system:  when a condition A is completed, condition B will always be completed too, 
A implies B, all the time, every time. On the contrary, correlation refers to a dependent 
statistical relationship. The relation between A and B is still dependent on each other but the 
relationship changes. In other words, in a correlation relationship if condition A is complete, 
the probability of B being completed is changed. For example if somebody visits their sick 
friend, the probability of him getting sick increases as he has been in touch with a certain 
illness; a correlation can be made. However, correlated variables can be causally independent 
from each other, the correlation being due to a third and factor that affects both the former. 
In genetics it can be said that the relationship between some traits and their genes is based 
on correlation, as traits come from several genes. 
 
Relation to semester theme 
The purpose of this project is to explore inheritance, development, therapy, adaption and 
evolutionary theory in the light of the relatively new paradigm of molecular epigenetics 
(comparatively with the more traditional ‘genetics’). This new way of understanding the world 
and phenomena is not only an exciting new development, but it also holds potential for future 
advancement. It is well evidenced that previous paradigm shifts throughout history have 
come with great advancement for science and humanity. The field of genetics is no exception, 
already a host to a multitude of such changes in thought that have each yielded great 
advancement. The historically incremental understanding brought by genetics to areas such 
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as those mentioned in the outset of this section (inheritance, development, therapy, adaption 
and evolutionary theory) will also be highlighted, along with elucidating the advantages in 
terms of ‘progressing understanding’, that the epigenetic-paradigm can offer. Given the 
aforementioned, it is felt that the undertone of this project is congruent with the semester 
theme: 
“Reflection on natural science and the dissemination of knowledge in the field of natural 
science” 
 
Problem formulation / research question 
The role of epigenetics in bridging the schism between a reductionist and holistic approach 
to studying heredity and development.  
How does the study of heredity and development need to change where epigenetic 
modifications are directly transgenerational? 
How does the study of heredity and development need to change where epigenetic 
modifications are transferred generationally via indirect mechanisms? 
 
Hypothesis 
A new view must be adopted in the fields of inheritance and development; a view that 
acknowledges and studies the interaction between the genotype and the environment and 
its role as the defining force in the culmination of the phenotype. This is the holistic approach 
to heredity and development, in contrast to studying either DNA or environment alone for 
answers, which we brand as reductionist. Epigenetics provides the mechanism necessary to 
support this holistic view. 
This essentially means two things: 
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Development in complex organisms, such as mammals, is directly affected (and sometimes 
directed) by the environment and by the environment’s effect on the DNA of previous 
generations. 
And, the paradigm of heredity must be expanded to make space for epigenetic inheritance, 
not only for the direct transfer of epigenetic modifications between generations, but also for 
the womb- and socially-mediated inheritance of acquired traits. 
The aforementioned hypothesis carries with it certain implications, chiefly among them that 
a new view on teratology and genetic congenital disease is also required, as they are the result 
of the dysfunctional interplay of heredity and development. 
At the same time, epigenetics opens the possibility for a non-evolutionary (without 
speciation) form of ecological adaptation, which adds to the immense diversity of interactions 
between living organisms of all levels of complexity and the environment. 
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2. Epigenetic molecular mechanisms 
 
Epigenetic components and structures in DNA  
 
Chromatin structure 
Chromatin is a complex of macromolecules only found in eukaryotic cells, as prokaryotic cells 
have a different way of organizing their DNA. It is the condensed structure in which DNA is 
packaged in order to accommodate the large amount of genetic material in the nucleus. 
Indeed, if the DNA molecule of any cell in a human being is extended to its maximum, it can 
stretch up to two meters long. Along with DNA packaging, chromatin’s other functions are to 
reinforce the DNA macromolecule to allow mitosis, to prevent DNA damage and to control 
gene expression and DNA replication. It consists of DNA, protein and some RNA. The primary 
protein components are histones.  
 
Figure 1 : From the double-helix DNA structure to the chromosome 
As seen in Figure 1, the histones form octamers around which portions of the DNA, about 146 
base pairs, wrap themselves to form structural units called nucleosome.  
The nucleosome core particle (NCP) is the basic unit of chromatin, and is about 10nm in 
diameter. In the core, four families of histones can be found: H2A, H2B, H3 and H4, each 
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divided in 2 or 3 subfamilies. They are packed tightly in globular regions, with amino-terminal 
tails that extend from the globular region, making them accessible to histone-modifying 
enzymes. The other family of histones, the linker H1, can be found associated with the piece 
of DNA. Linkers serve to join the nucleosome together.  
In a non-dividing cell, chromatin can be found in two functional states: euchromatin and 
heterochromatin. Heterochromatin is a length of chromatin where DNA packing is highly 
condensed making the DNA inaccessible to chromatin-associated proteins or to transcription 
factors. Within these areas, the genomic regions mostly consists of inhibited genes associated 
with differentiation or morphogenesis and repetitive sequences. Heterochromatin also has a 
role in controlling chromosomal stability and the prevention of mutations and translocations. 
On the contrary, euchromatin is a region where DNA is accessible, it is structured in an open 
conformation as a result of the relaxed state of the nucleosome architecture. The DNA found 
in these areas is more flexible and can contain genes in activated as well as inactivated 
transcriptional states. 
The dynamic states of chromatin’s structure are not only limited to DNA packing and 
regulation of genetic information, they also cover the activation and the function of the 
genome, which extends to some influence over cellular behavior.  
 
Chromatin packing 
There are three layers of chromatin organization. The first is the DNA that wraps around 
histone forming nucleosome, the histones within the nucleosome wrap then into a 30nm fiber 
consisting of nucleosome complexes which in their most compact from are called 
heterochromatin. The last level of chromatin packing is the high-level DNA packaging of the 
30nm fiber into the metaphase chromosome, which happens during mitosis and meiosis. This 
packing is followed by most eukaryotes cells, excluding spermatozoa and some red blood cells 
which have thicker chromatin packing. (4) 
The nucleosome’s binding is not DNA specific, as their function requires general DNA packing. 
Although there are some DNA sequences which are preferred to govern nucleosome 
positioning. This specification is due to different physical properties of DNA sequences. For 
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example adenine and thymine are better compressed in the inner grooves of the DNA 
structure. Which means that where the DNA is rotating to maximize the number of adenine 
and thymine bases lying in the inner minor groove is a position where nucleosomes can bind 
preferentially (approximately every 10 base pairs.)   
The nucleosomes are then interconnected by sections of linker DNA. The linker histone, H1 
contacts the exit/entry of the DNA strand on the nucleosome. This nucleosome and H1 
complex can be referred to as chromatosome. The chromatosome will then get structured in 
a beads-on-a-string complex which in turn coils into 30nm diameter helical structure known 
as chromatin fiber or filament. The exact structure of the chromatin filament has yet to be 
confirmed, some suggestions can be illustrated on figure 2 bellow.  
 
Figure 2. Two structures of the 30nm chromatin filament 
The commonly accepted views are models where the nucleosomes lie perpendicular to the 
fiber axis with linker histones arranged within. The length of the linker DNA is critical to the 
stability of the filament by its resistance to bending and rotation. In this idea, different lengths 
of DNA linker should produce different foldings of the chromatin fiber, as the nucleosomes 
are required to be spaced enough to permit rotation and folding into the right orientation. (4) 
 
DNA methylation 
DNA methylation is the best-characterized epigenetic modification which has been implicated 
in gene express control, and is important for gene regulation and development. DNA 
information is based on the four nucleic bases, but as early as 1948 the existence of a fifth 
base was discovered: 5-methylcytosine. It was also clear that this new base can easily be 
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interconvertible with cytosine. In fact, DNA methylation in eukaryotes refers to the reversible 
addition of a methyl group (CH3) to the fifth carbon of a purine or a pyrimidine ring, as seen 
in the example on the Figure 3.  
 
Figure 3 : Schematic representation of the methylation of cytosine 
Cytosine and Guanine play a major role when they occur in a linear sequence within the 
promoters of genes. When abundant, they may also be referred to as CpG islands, “p” 
indicating the phosphate present between the two bases in a gene sequence. When CpG 
islands become methylated it leads to gene silencing. Gene silencing may refer to a failure in 
translation or transcription of a gene. In mammals the methylation of cytosine occurs only 
under a certain condition: the cytosine concerned has to be part of a CpG dinucleotide, which 
is a region of the DNA sequence where a cytosine nucleotide is followed by a guanine 
nucleotide. The CpG dinucleotide should be distinguished from CG base-pairing. The 
frequency of CpG dinucleotide varies significantly depending on the species and the region of 
the genome. Regions where CpG sites are abundant (around one every 10 nucleotide) make 
up a CpG island. CpG islands can commonly be found near promoters; about 70% of human 
promoters have a high CpG content (5). Promoter associated areas of DNA are frequently 
methylated, making them accessible for transcription and chromatin associated proteins. In 
humans 50 to 70% of CpGs are methylated, mostly in heterochromatin regions. On the 
contrary, CpGs located in euchromatin areas remain primarily unmethylated.  
The enzymes that methylate the cytosine nucleotides are called DNA methyltransferases 
(DNMTs). This enzymes use S-adenosyl methionine as the methyl donor. There are different 
kinds of DNMTs which can function co-operatively to methylate DNA. DNMT3a and DNMT3b 
are the novo methyltransferases that target unmethylated CpGs in order to initiate 
methylation. This process happens in embryonic stem cells or cancer cells. DNMT1 works 
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during DNA replication in order to maintain methyltransferases predominantly recognizing 
and methylating hemimethylated CpGs, meaning that it copies the DNA methylation patterns 
from mother to daughter DNA strands. The distinctive DNA methylation distribution pattern 
is believed to be critical for the control of gene silencing and chromosomal stability.   
 
Histone modification   
Histone modification refers to the acetylation or methylation of amino acid terminals within 
the core histone protein sequence. They have distinct distributions among both euchromatin 
and hetechromatin. The acetylation of histone affects the lysine residues at the N-terminal of 
histones tails, which can be either acetylated or deacetylated. The lysine residue is slightly 
positively charged, which binds to the negatively charged DNA condensing the nucleosome 
and forming a close chromatin structure. Acetylation removes this charge and thereby 
reduces the affinity between histone and DNA which allows the easier access for the 
transcriptional machines to promoter regions. Acetylation is recognized as a reliable 
epigenetic regulator of transcriptional activation. 
The methylation of Lysine may not confer a chemical change on the charge of Lysine or infer 
any changes that cause steric hindrances and a change to protein conformation. In this 
respect it is not associated with transcriptional activation or deactivation and silent genomic 
regions. Yet, the mono, di and tri methylation of Lysine can be detected by other proteins and 
hence act as highly specific markers.  The effect of histone methylation is not only linked to 
the specific lysine residue but also to the degree of methylation. 
Histone modifications are critical for the regulation of chromatin structure and function, 
which are implicated in most DNA-related processes, such as transcription, chromosomal 
organization, DNA replication and repair and recombination. They are recognized as a post-
translational modification. Although acetylation and methylation of lysine at histone tails are 
the two most common post-translational modifications, several other types of multivalent 
modifications can be found, including phosphorylation, ubiquitination, sumoylation etc. 
In contrast to DNA methylation, histone modification is a much more dynamic and complex 
process, making the analysis harder. (4) 
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The histone acetylation process is helped by a factor known as histone acetyltransferase 
(HATs), which is illustrated in Figure 4.  HAT molecules facilitate the transfer of an acetyl group 
from a molecule of Acetyl Coenzyme-A (Acetyl-CoA) to the NH3+ group on Lysine, as seen in 
Figure 5. When a Lysine is deacetylated, factors known as Histone Deacetylases (HDACs) 
catalyze the removal of the acetyl group with a molecule of H2O. 
 
Figure 4. Histone acetylation (6) 
 
Figure 5. Heterochromatin and Euchromatin differences (7) 
Repression of methylated DNA 
 After chromatin packing, methylated DNA may be a stronger repressor of gene expression. 
One of the major differences between chromatin packing, histone modifications and 
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methylated DNA in terms of repressing gene expression is that DNA methylation is far more 
stable (8). As mentioned before, methylated DNA cannot be transcribed, this is the main 
reason why DNA methylation is sometimes referred to as DNA silencing. Therefore, those 
genes that become highly methylated are supressed, and the proteins they translate into do 
not become expressed in the phenotype.  
The methylation of DNA plays an important role in many functional processes within 
eukaryotes, including stabilizing DNA, genomic imprinting, X-chromosome inactivation and 
embryonic development (9) (10). Similarly, DNA methylation may be implicated in conforming 
behavioural tendencies and allowing the passage of those tendencies to upcoming 
generations.   
 
RNA polymerase    
 Promoters and transcription factors may have important roles in retaining epigenetic 
markers through to the next generation. RNA polymerases coupled with other factors have 
been implicated in the maize model, whereas the mouse model is also showing similar 
paramutation phenomena. A paramutation occurs when one allele (paramutagen) infers a 
change in epigenetic markers onto another allele (paramutant) at the same locus. This change 
is transgenerational. RNA polymerase is considered an integral part of directing this 
phenomenon (11).  
 
Somatic Cells and Germline 
A Somatic cell is the biological cell of any multicellular organism, including cells from various 
tissues, bones, skin etc. They contain the diploid (complete) number of chromosomes and 
proliferate through mitosis when required. In contrast, the germline (also known as germ-
cells or gametes) contains the haploid number of chromosomes that forms through meiosis, 
and form eggs and sperm in multicellular organisms. They may form zygotes after fertilization, 
whereby the diploid number of chromosomes is restored. 
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 Transgenerational epigenetic inheritance 
 According to most scientists nowadays, transgenerational epigenetic inheritance refers to 
epigenetic DNA markers in somatic cells or during prenatal phases, transferred to the gametes 
and then retained through the germline after the process of zygote formation has taken place. 
It is important to differentiate between the epigenetic modifications that may occur through 
environmental factors due to direct exposure before/after gamete formation has occurred 
and the modifications that are passed on through the somatic cells or during prenatal phases 
to the gametes and finally the zygote, in order to classify the changes as transgenerational 
(12). Essentially, transgenerational epigenetic inheritance is considered to occur when the 
only point of transfer is the germ line and not the gestating female, which is termed 
multigenerational or intergenerational exposure. For example in figure 6, it is only if the 
epigenetic changes appear in a generation that is entirely unexposed and it still carries the 
sought- after epigenetic marker that it can be considered transgenerational.  
 
 
Figure 6. Schematic of multigenerational exposure and transgenerational inheritance (12). 
 
Phenotype contribution 
 If epigenetic markers are obtained before the formation of gametes, not in prenatal phases 
or through direct multigenerational exposure or during gestation, the phenotype can be 
viewed as key to defining a transgenerational link.  Contribution to phenotype may be defined 
16 
 
by the F generation cycles and through percentages of retained phenotype in those 
subsequent generations. The disruption of Mendelian laws in the percentage of phenotype 
can be used to identify epigenetic mechanisms like paramutation phenomenon or parental 
allele specific imprinting. Following are two well documented examples of transgenerational 
epigenetic inheritance to further explain the term (13).  
 
Example 1: Glucocorticoid receptor study mechanisms 
 Hippocampal glucocorticoid receptor expression has been studied and implicated in the 
transference of behavioural traits in mice. The glucocorticoid receptor is believed to be 
involved in the regulation of a normal endocrine response to stress in humans and mice. A 
detailed analysis of the molecular mechanisms involved in this case can be found in the next 
chapter, under the case studies section. Glucocorticoid receptor dysfunction has been linked 
to abnormal parenting and correlated stress responses in subsequent generations.  
 
Example 2: Allele-specific imprinting from parental line 
Allele-specific imprinting refers to the silencing of genes from one of the parental alleles. 
Imprinting in this case means silencing, and when an allele from one parent is silenced, only 
the one from the other parental line is expressed. This form of genetic silencing happens 
through DNA methylation. In plants and fungi, imprinting from the parental line is a usual 
phenomenon, whereas in mammals it is rare. During the formation of sperm and eggs, 
epigenetic tags are removed from DNA, whether they came from maternal or paternal line, 
unless the tags participate in imprinting, in that case, imprinted tags stay in place. Though 
imprinting in humans is usually related to disease like the Prader-Willi syndrome or the 
Beckwith-Wiedemann syndrome, it is a good example of transgenerational epigenetic 
inheritance in the mammalian model and therefore relevant to this report.  
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3. Research methods in epigenetics 
 
Animal Models 
Animal models are crucial for the study of epigenetics. (14) It is so because of the possibility 
that the breeding of animal models brings to the research. Animals used in the experiments 
are available for the researches throughout all the stages of life, from conception through 
birth, growth, maturation, and senescence. The researchers can self-maintain the good 
conduct of the animal models’ laboratory and have control over all the factors of upbringing 
and breeding the animals, for example in terms of nutrition and environment.  
Nowadays, almost all epigenetics researchers use rodents as animal models (14). This choice 
is resultant from many factors which were taken into consideration from the very beginning 
of epigenetic research. Even though using mice in the genetic experiments didn’t occur widely 
until the 1990s, in the present the role of mice in the development of epigenetic studies 
cannot be underestimated (15). First of all, choice of mammalians was made due to the fact 
that epigenetic processes play a crucial role in developmental processes. Moreover, as 
mentioned before, mice are relatively easy to maintain in terms of the environment they live 
in. There is a huge variety of mice strains that can be used for research purposes and are 
widely provided by different facilities. What is more, mice genomes can be manipulated by 
transgenesis, homologous recombination, and ENU mutagenesis. Another benefit of using the 
mouse to study epigenetic control is that one can study human-like phenotypes, such as 
behavior, memory and learning (15). Moreover, using a whole generation of mice to trace 
possible transgenerational heredity is a relatively short process due to their fast sexual 
maturation. All the aforementioned factors lead to the conclusion that mice present a very 
useful and important animal model for epigenetic research.  
Among the many mouse models used in genetics, Agouti viable yellow and Axin fused 
mouse models play the most important role in the epigenetics. Rats are also widely used in 
the laboratories for some experiments, like in case study II in this project about 
glucocorticoid receptors.    
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Agouti Viable Yellow (Avy) Mouse Model 
This mouse model is the best characterized, and due to that is recognized as the most useful 
of the mice models in epigenetic research (14). The degree of DNA methylation and histone 
modification has an impact on whether the pigment proteins that can lead to change of the 
hair color to yellow are expressed in hair follicles. If there is none or little methylation in Avy 
gene, then the coat color changes to yellow. Increasing degrees of DNA methylation leads to 
gradual change of the coat of the mice towards brown. Hypermethylation of a specific particle 
(intracisternal A particle (IAP)) leads to creation of a pseudoagouti brown mice (16). Yellow 
mice are prone to health problems, including obesity, diabetes and cancer, whereas brown 
mice are healthy. In agouti mice, the degree of methylation of the same gene results in 
different activity levels. (17) Moreover, agouti mice are found to be of great relevance to 
epigenetic research because changes in nutrition and environment can lead to alteration of 
the outcome, i.e. phenotype. See Figure 7, page 20 for a picture of Agouti mice.  
 
Axin1-Fused (Axin1Fu) Mouse Model 
Mice with Axin1Fu allele have some tail abnormalities, such as minor wavy appearance, or 
kinking, of the tail. The Axin1Fu allele is randomly expressed; the hypomethylation of an 
intracisternal A particle (IAP) within intron 6 of the gene leads to most severe kinked tail. 
More DNA methylation results in intermediate changes in the morphology of the tail, while 
hypermethylation results in completely normal tail in mice. What makes this mouse model 
very useful in epigenetic research, is the observation that sheds a light on the fact that the 
mother’s diet can have an impact on the morphology of the tail of the offspring (16). See 
figure 8, page 20 for a picture of Axin-1-Fused mice.  
Both of the mentioned mouse models are used in many case studies on transgenerational 
heredity.   
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Figure 7. Avy mice from 100% yellow coat to 0% (pseudoagouti). 
Note the differences in size and weight of the mice. (18) 
 
 
Figure 8. Axin mice with normal and kinked tail. (19) 
 
Techniques used in the research 
Technical aspects of research in the area include techniques such as: DNA methylation and 
de-methylation, expression of proteins binding to DNA and histone modification activity. 
Epigenetic mechanisms, such as DNA methylation and histone modification, can lead to 
hereditary gene silencing, without modifications in their coding sequence. 
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DNA methylation 
As mentioned earlier in chapter 1, DNA methylation is a common signaling tool that genes 
use (20). Methylation is also a crucial component in many cellular processes, like 
embryonic development, genomic imprinting, X-chromosome inactivation, and preservation 
of chromosome stability. To determine the pattern of the methylation in the DNA, bisulfite 
treatment is used as a tool.  
Through bisulfite treatment, cytosine residues are converted to uracil, whereas the 5’-
methylcytosine residues stay untouched. In this way, having a sequence of the DNA, it is 
possible to track the methylation pattern. There are two strategies to carry out the analysis: 
non-methylation-specific PCR method and methylation-specific PCR method.  
Non-methylation-specific PCR method is performed utilizing PCR and standard 
dideoxynucleotide DNA sequencing to find out the methyl cytosine residues. It is done by 
designing the primers so that they are both sequence-specific and bisulfate-specific. The 
result is both methylated and unmethylated, amplified DNA. Due to the fact that DNA should 
be cloned before treatment, this method is perceived as very labor-intensive and therefore, 
not so widely used.  
Methylation-specific PCR (MSP) method is used more often in the laboratory due to the fact 
that the primers are designed straight away to be methylation specific. In this way, the ability 
of the primer to bind to the bisulfite-treated DNA is checked. This method is perceived as very 
accurate as it can detect even 0.1% of the methylation of an allele. Moreover, it is mostly used 
when DNA is rich in cytosine and guanine residues (CpG islands) (21). 
    
Expression of proteins involved in epigenetics 
There is a substantial amount of proteins which, while binding to the DNA, can significantly 
influence the level of gene expression making them powerful targets for epigenomic research 
and potential therapeutic targets (22). Examples of such proteins were already mentioned in 
previous section. One of them is DNMT (DNA methyltransferase) - the amount of this enzyme 
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is in tight relation to the amount of incorporated SAM as methyl donor in DNA methylation 
process. (See figure 3, page 11).  
Other examples are, also mentioned earlier, HAT (Histone acetyltransferase) and HDAC 
(Histone Deacetylase) which are involved in histone acetylation processes (see figure 4 and 5, 
pages 13 and 14). The level of HAT relates to the amount of histones which become acetylated 
by transferring an acetyl group from a molecule of Acetyl Coenzyme-A to the NH3+ group on 
Lysine. Similarly, level of HDAC present is in relation to amount of deacetylated histones.  In 
such ways, those enzymes are responsible for the level of gene expression.  
 
Histone modification   
Chromatin immunoprecipitation assay (Chip) it is a common immunoprecipitation technique 
used worldwide, routinely performed to investigate the intermediating connection between 
proteins and DNA in a cell. This technique determines whether specific proteins are 
associated with specific genomic regions, such as transcription factors on promoters and 
different DNA binding sites, or not. 
Proteins or associated chromatin in a cell or tissue are crosslinked in vivo by using 
formaldehyde. Afterwards, the protein-DNA complexes are liberated from the cell or tissue 
in the presence of detergent-based solutions that dissolve the cell membrane. 
The DNA fragments need to be shred into smaller pieces, which can be achieved either 
mechanically by sonication or enzymatically by digestion with micrococcal nuclease (MNase). 
The next step is the enrichment of protein-DNA complex of interest and removal of irrelevant 
materials as cell debris. The crosslinked DNA fragments associated with the protein of interest 
are carefully immunoprecipitated from the cell debris, by using a protein-specific antibody, 
for example one that recognizes a specific a histone modification. The linked DNA fragments 
are purified by using spin-columns or the phenol-chloroform purification method. After 
purification the DNA sequence is determined by using qPCR technique. The DNA sequences 
are presumed to be associated with the protein of interest in vivo. 
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Figure 9. The flowchart provides an overview on the various methods and techniques which can be used to investigate 
complex processes related to epigenetic transgenerational heritage. (23) 
 
Cases of epigenetic transgenerational inheritance 
In this project, three different case studies will be used to present the examples of 
transgenerational epigenetics research. They can, in some way, be treated as basic practical 
knowledge in this field. 
 
Study case I: Parental olfactory experience influences behavior of the offspring 
Response to odor is probably one of the most important factors in survival in nature. Animals 
have an ability to recognize a specific smell and react to it in a specific way. A good example 
is the rodent fear response to fox urine (24). Because without a possibility to preserve 
themselves from danger posed by a predator, animals lower in the food chain would be killed, 
this odor response can be perceived as a vital evolutionary adaptation (25). It cannot be 
underestimated that in the animal kingdom, odor is also used to identify nutrition sources, 
choose mates, and create social bonds with other members of the group or to protect from 
other hazards, like poisons of spoiled food. It is, though, crucial for the parents to share this 
‘knowledge’ with their offspring so that they can survive in the wild habitat. Dias and Ressler 
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(26) imply that such passage of information from parents to offspring happens through 
transgenerational heredity.  
To test this hypothesis, the two researchers led a few experiments on mice. They 
concentrated on acetophenone as odor, which is recognized by Olfr151. They paired this odor 
with mild foot electric shocks and then measured the behavioral response to this odor in 
future generations (F1 and F2 on picture below) (25). As control, they also used propanol 
(recognized by Olfr6), which wasn’t paired with shocks.   
 
 
 
Figure 10. Model for epigenetic inheritance of odor fear conditioning. Association of acetophenone odor with an electrical 
shock conditions the mouse for an enhanced acetophenone startle response. (25) 
As shown on the figure above, the offspring in generations F1 and F2 were sensitive to 
acetophenone and presented an enhanced fear response (startle) when exposed to it. Worth 
noticing is the fact that mice whose F0 generation was treated with propanol, didn’t produce 
any response to the odor (not shown on the figure) (25). 
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To explain the case, it is necessary to say that the olfactory system is well-understood in terms 
of its molecular biology and neuroatonomy. (26) That ensures that researchers know the 
specific olfactory receptor gene where the epigenetic marks (methylation changes) should be 
examined.   
 
Study case II: The behavior of rat mothers influences the offspring response to stress 
In recent years, studies of maternal behavior in rats have linked variations in caregiving 
behavior to epigenetic modifications of genes involved in the endocrine response to stress.  
It is well known that under stress or fear conditions the adrenal gland secretes cortisol into 
the bloodstream. Cortisol is a hormone responsible for several stress-related changes in the 
body. Low concentrations of cortisol in blood lead to positive changes such as increased 
memory functions. Higher or prolonged levels of cortisol in the bloodstream have been 
documented to have negative effects such as depression, cardiac complications and other 
stress-related diseases. (27) 
  
Figure 11.The Stress Circuit- also called the HPA Axis. Stress signals travel from the hypothalamus to the pituitary gland and 
then to the adrenal glands. The adrenal glands release the hormone cortisol (and adrenaline, not shown). When cells in the 
hippocampus detect cortisol, which binds to the GR receptor, they send a signal to the hypothalamus that shuts down the 
stress circuit.   (27) 
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Rats are often used as working models worldwide by scientists with the aim of enlightening 
the complex process of epigenetic transgenerational heritage. It has so far been shown that 
it can be established through behavioral programming, and it is potentially reversible. 
Recent studies show that a mother rat’s behavior such as licking and grooming (LG) and 
arched-back nursing (ABN) of pups affects the offspring epigenome at a glucocorticoid 
receptor (GR) level. (28) 
Conclusive data from rodent studies shows that if the rat mother shows high levels of LG and 
ABN, the offspring presents changes at DNA methylation level, in contrast with the offspring 
for which the mother presented relatively low levels of LG and ABN. The data supporting the 
changes in the DNA methylation levels is collected during the first week of life. Within 12 
hours, the process is usually reversed by cross-fostering, but there were consequences which 
persisted into adulthood in correlation with alterations in histone acetylation, DNA 
methylation and transcription factor (NGFI-A) binding to the GR promoter. 
In 2004, the group from Montreal, Canada published an article which can be perceived as 
leading article in LG-ABN study on mice and effects on epigenome. (28) 
DNA methylation is a stable, epigenomic mark at CpG dinucleotides often associated with 
stable variations in gene transcription. (28) In the studies on LG-ABN mothers’ behavior on 
offspring, the methylation state of exon 17 GR promoter is examined. Sodium bisulfate 
mapping of the CpG nucleotides of the exon 17 GR promoter from hippocampal tissue from 
the adult offspring of high and low-LG-ABN mothers resulted in very conclusive data. Cytosine 
residues within CpG nucleotides in the NGFI-A binding element are always methylated in the 
offspring of low-LG-ABN mothers and rarely methylated in the offspring of high-LG-ABN dams. 
That shows that maternal behavior has an effect on the methylation of the glucocorticoid 
promoter.  
To check upon results that may seem correlational, cross-fostering was performed within 12 
hours after birth. The pattern in the methylation of the promoter of the offspring was 
reversed; pups born from bad mothers (low-LG-ABN) but brought up by good mothers (high 
LG-ABN) showed very low levels of methylation and thus resembled the pattern in pups born 
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and brought up by good mothers. That findings suggest that variations in maternal care 
directly alter the methylation status of exon 17 GR promoter. (28) 
A worth noticing detail is that the cross-fostering was performed within 12 hours after birth. 
It is reported that just before birth, the entire region of exon 17 GR promoter is unmethylated 
in both high and low-LG-ABN groups. However, already one day after birth, the exon 17 GR 
promoter of both groups was methylated. Even more interestingly, on day 6 after birth, the 
NGFI-A element in high-LG-ABN group was effectively ‘demethylated’ and this lack of 
methylation was stable for the whole adulthood. (28) This again suggests that the effect of 
the maternal behavior on a group occurs within the first week of life.  
Consequences of different maternal care can be spotted in the behavior of the pups. Offspring 
of bad mothers exhibit more fear, high anxiety and exaggerated HPA response to stress 
accompanied by decreased expression of the GR gene (29); whereas rats born and brought 
up by good mothers are calmer and present lower levels of anxiety. 
In the cited article, the authors indicate that treatment of rats with the organic compound 
TSA (trichostatin A) can reverse the hypermethylation in exon 17 GR promoter of the offspring 
of low-LG-ABN mothers. These findings imply that if the methylation can be reversed by 
chemical interference, and thus it may be possible to achieve in any other way. That leaves 
the field clear for researchers to find the more specific ways of reversing the methylation.   
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Figure 12. A: Schematic depiction of the hypothalamic-pituitary-adrenal axis. The para ventricular nucleus of the 
hypothalamus releases CRH, which triggers the secretion of ACTH from the pituitary gland into the blood stream. ACTH 
stimulates the adrenal cortex to release glucocorticoids, which activate hippocampal GRs that inhibit the production and 
release of CRH so as to dampen excess activation of the HPA axis. B: In newborn rats, low levels of maternal LG reduces 
NGFI-A and CREB binding to exon 17 of the GR gene Nr3c1. As a result, the CpG dinucleotide sequence within this exon 
remains methylated, leading to reduced Nr3c1 expression, diminished negative-feedback sensitivity to glucocorticoids, and 
exaggerated HPA responses to stress. CRH: corticotropin releasing hormone; ACTH: adrenocorticotropic hormone; GR: 
glucocorticoid receptor. Adapted from Hackman et al. (2010). 
   
The mechanism behind transgenerational epigenetics here is not clear yet, but recent data 
from rats and mice studies emphasize the insight into transgenerational heritage area. The 
rodent maternal behavior has a lasting effect that can change the responses of the offspring 
to stress for the rest of their lives.  
Maternal care plays an important role which influence the development and health of a child, 
the affection and care the child receives can have lasting consequences, or suffer of cognitive 
and behavioral problems that last even into adulthood. The quality of early family life 
influences health throughout life. (29) 
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Study case III: Agouti locus inheritance in mice 
 
As mentioned earlier, mice with the Viable Yellow gene are widely used to study 
transgenerational heredity due to that fact that the degree of methylation within the IAP in 
the promoter of the agouti gene is visible in the phenotype of the isogenic Avy/a mice 
(differences in the color of the fur from yellow (unmethylated) to brown/black (methylated)). 
(30) 
 
In 1999, the study on the agouti gene (A) was led in order to get a full understanding of the 
way that changes in mating mice from mother of different genotypes and phenotypes result 
in the phenotype of the offspring. There were two key issues which the researchers wanted 
to examine. The first one was connected with the persistence of the epigenetic modification 
through meiosis. The second was looking more into how the maternal metabolism can have 
an impact on the phenotype of the pups.  
 
To test the hypothesis, the researchers designed a row of experiments on Avy/a (Viable 
Yellow/recessive agouti) mice in a C57BL/6 background. The strain has been maintained by 
brother-sister mating for over 30 generations which ensured that background effects can be 
discounted. (31) 
 
In the first experiment, the amount of yellow, mottled and pseudoagouti mice born from a 
couple in which either sire or dam was yellow, mottled or pseudoagouti was counted and 
turned into the percentage. Figure 13 shows the results of the experiment.  
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Figure 13. Inheritance of maternal phenotype. Avy/a C57BL/6 mice of the indicated phenotypes with congenic a/a mice, and 
scored the percentage of offspring of each phenotype. The number of total Avy/a progeny of each cross is indicated (n):     
a/a offspring have been omitted from the pedigrees. Square- a sire, circle- a dam. 
 
From the initial results of the experiment, presented in the figure above, the researchers had 
few observations leading to a conclusion. In section a of the figure, it can be easily spotted 
that the phenotype of the sire doesn’t have a significant effect on the offspring. In each of the 
phenotypes of the sire, a very similar amount of offspring with the same phenotype is born. 
In section b in the figure, the dams were compared. In this case, however, the phenotype of 
the mother has a significant effect on the percentage of the offspring born with each 
phenotype. In middle graph in section b, it can be spotted that 9% of mice were born 
pseudoagouti while having a mottled mother.  
 
That already leads to the conclusion that this phenotype must be a grand-parental effect. To 
confirm this, the grand-parental effect experiment was also performed. In section c, it can be 
seen that when a pseudoagouti mother whose mother was also pseudoagouti gives birth, 1/3 
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of all her offspring is also pseudoagouti. That confirms the grand-parental effect because the 
pseudoagouti mothers whose mothers were not pseudoagouti, had only 20% of pseudoagouti 
offspring (last graph in section b).  
 
As mentioned in the article, the conclusion about the maternal effect based only on such 
experiment is not enough. Therefore, a group transferred fertilized oocytes from yellow dams 
(A expression) to black dams (no A expression).  The result was that there were no 
pseudoagouti offspring born to foster mothers. (31) Moreover, the proportions of 
phenotypes in the offspring of both mothers were very similar and significantly different from 
offspring of pseudoagouti mother in previous experiment (figure 13b, bottom graph).  
 
That fully explained that the environment inside the uterus doesn’t have an effect on the 
maternal effect.  However, it could be also possible to affect the maternal environment on an 
earlier stage than embryo transfer. The oocyte cytoplasm or effects on germ cells in a yellow 
mother may cause the shift in the proportions of offspring. (31) Last experiment was designed 
to check this possibility.  
 
The yellow dam was coupled with Avy/a male and few of the offspring (6%) were born 
pseudoagouti. This showed that the oocyte belonging to a yellow mother doesn’t prevent the 
development of pseudoagouti offspring. (31) To be even surer that an effect on the oocyte 
on a stage earlier than fertilization is not the one responsible for maternal effect, Avy/ Avy 
yellow females carrying a pseudoagouti epiallele were produced from yellow dams and 
pseudoagouti sires. Despite the epiallele, the females were yellow. After crossing with black 
male, pseudoagouti pups were born. From this, it could be seen that the allele from yellow 
female doesn’t exclude the development of pseudoagouti offspring.  
 
From all those experiments and mid-conclusions, a final conclusion can be drawn. The 
maternal effect is not the result of a maternal environment but rather the effect of 
inheritance of epigenetic mark that causes silencing of the IAP. (31) Moreover, it has been 
detected that the inheritance marks are totally erased in the male germ line, but not fully in 
female germ line. Due to that, Avy can be perceived as an example of the mammalian gene 
that doesn’t undergo complete erasure of all modifications in germ lines.  
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Ethical and legal implications in epigenetics 
 
Transgenerational epigenetic markers and the implications of changes to phenotype due to 
them alters the perspective on many legal and ethical realities of science and industry. From 
the point of view of environmental impact, the fact that substances in the environment might 
be altering the expression of the genome of the current generation, and generations to come 
poses a significant variable. For example, all current acts pertaining to environmental safety 
in regards to the use of pesticides or allowance of chemical waste disposal can be reviewed 
to include assays that thoroughly review the epigenetic impact of substances along with the 
usual range of tests carried out (32). Epigenetic changes seem to be taking place at a higher 
frequency that DNA sequence mutations, occur at a much earlier stage in development and 
can be reversed in contrast to sequence mutations (32). For these reasons, the response to 
remedy the environmental impact due to the presence of harmful epigenetic mark inducing 
substances must also be considered under a separate temporal scale.  
 
One of the most important aspects of epigenetic variation is that epigenetic markers show 
very high species specificity. This means that since there is such specificity, and as mentioned 
the mouse/rat model is a promising and highly informative one, an absolute picture of the 
epigenetic reality in humans related to environmental causes, isn’t clear. To that end, 
absolute analyses of behavioral effects of epigenetic markers in humans cannot be derived 
from and correlated definitively to the animal model.  
 
The disparity between animal models also means that much experimentation is required 
before toxicity or implication to humans can be inferred by the epigenetic effects of the 
substance in question. For example, in the case of behavioral epigenetics the vast majority of 
receptors related to behavior and social cognition lie in the brain, and to study the 
methylation patterns of genes expressing them brain tissue needs to be analyzed. Though the 
access to brain tissue is not a problem a problem in the mouse/animal model, scientists have 
highly limited access to human brain tissue from patients suffering from mental health 
disease. One source of brain tissue studied has been retrieved from the cadavers of patients 
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who have committed suicide, which may have undergone epigenetic changes due to unknown 
reasons making the data obtained from them weaker (33).  
 
Another source of cells studied for transgenerational epigenetic markers in terms of 
behavioral markers has been cells from umbilical cords of infants with depressed mothers 
during gestation, and though data showed methylation of the glucocorticoid receptor, a 
definitive stance cannot be drawn since umbilical cord blood contained a number of different 
cells at varying stages of methylation (33).   
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4.  Epistemological Background  
 
Traditional paradigms in heredity  
The conceptualization of transmitted phenotypic trait in itself is certainly not a new paradigm 
in terms of it being a biological imperative for typical propagation function. Although 
mechanistic detail defied elucidation, ancient civilizations had implicit understanding of 
hereditary as explicated by their mastered use of lucrative engineered breeding programs 
that optimized deliberate ‘artificial-selectivity’ for both the plant and animal kingdoms (34) 
(35). This is exemplified by the domesticated dog, mule and many modern-day crops and 
commonly eaten garden-variety vegetables (36). 
Explicit theoretically-grounded articulation of inheritance is first thought to be attributed to 
Hippocrates with his “bricks and mortar” theory which postulated that phenotypic attributes 
that lead to taxonomical discrimination had precursors bearing physicality; that were passed 
on from progenitor to offspring via male semen. Additionally, Hippocrates’s theory broached 
the idea of acquired traits, which suggested that events during an organism’s lifespan that 
altered phenotype would result in an augmented transmission of material and resulting traits 
for subsequent progeny. This concept well predates Lamarck’s hypothesis of acquired and 
subsequently transmitted characteristics (Lamarck and his contribution to evolution and what 
that represented as a monumental paradigm-shift in the face of widely-held creationist belief-
system will be discussed subsequently). The concept of physical material being passed on is 
operative in Hippocrates’s theory – as opposed to the notion of a transmitted informational 
“blue print” (37).  
Charles Darwin popularized a cohesive and succinct model of evolution, whose operative of 
‘natural selection’ gave rise to speciation - which is inextricably premised upon the concept 
of heredity. Darwin’s model for natural selection and speciation, although still widely 
accepted today, still based it’s mechanism of heredity on the Hippocratic model of “bricks and 
mortar”. Darwinian heredity, termed the “blended model”, outlined a transmission of traits 
that would be a blend of the two parents’ own traits. The fault being that this mechanism 
completely belies the ability to maintain variation – which is essential for directive selection 
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by environment (as all trait variants as thought of in terms of physical building blocks 
eventually blend into one homogenous entity or type).   Even though this Hippocratic 
formalization of hereditary was substantially argued as far back as Aristotle, who suggested 
the ‘informational’ transmission of traits, the Hippocratic concept of physicality being the 
transmitted entity remained intact until relatively recently - while Aristotle’s supposition of 
and ‘information-transmission’ went largely ignored up until the mid-19th century with 
Mendel. All paradigms previous to this tended to adhere to the “bricks and mortar” model as 
proposed by Hippocrates (37). 
Mendel’s seminal contribution paved the way for the current paradigm of modern genetics. 
From Aristotle’s proposed theory of transmitted ‘information’, Mendel furthered the 
paradigm of inherited traits by forging a concrete trifold principle-set for inheritance.  The 
principle-set constituents being; dominance, independent assortment and segregation. 
Mendelian experimentation substantiated the Aristotelian transmission of ‘information’ – 
information to which Mendel applied the term hereditary factors that influenced progeny. 
Additionally Mendel put forth the idea that the ‘information’ that is transmitted is discrete. 
These terms and concepts the Danish scientist Wilhelm Johansson aptly termed and 
distinguished; genes, genotype and phenotype (37).   
It should be noted however, that prior contributions to the evolving multiplicities of 
paradigm-shift have all had a weighted share in the evolution of our currently accepted 
genetics paradigm.  Not the least of which was Jean-Baptiste Pierre Antoine de Monet, 
Chevalier de Lamarck. Lamarck, often known as the very first “modern evolutionist” because 
he first proposed evolutionary mechanisms comprehensively. The seminality of Lamarck’s 
model of heritability should be entertained with an informed degree of interest given its 
intrinsic revolutionary statement; - Lamarck not only proposed a concept which heavily 
implied a diametrically opposed departure from creationism (with the firm culturally-forged 
idea that species were fixed and immutable), but he elucidated ‘change as a function of 
heritability’. However and somewhat unfortunately, Lamarck is known for stating the 
facilitating mechanism of change known as ‘Lamarckism’ which at the time garnered criticism 
from his contemporaries. ‘Lamarckism’ stated that an organism altered its phenotype based 
on environmental stimuli – the infamous example being that the giraffe’s long neck was a 
result of an organism over multiple generations stretching its neck to reach tree leaves, and 
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the environment acted upon the organism’s phenotype. So according to Lamarck – 
differentiation or species was a function of environment (37). It is interesting to note, that 
although his mechanism for change was perhaps immature compared to our current 
understanding, several experts in the field refer to the emerging field of epigenetics in some 
way as a call back to Lamarckism (25).  
From Mendel with his concept of discrete and particulate ‘heredity factors’ came the ‘Boveri-
Sutton Chromosome theory’ in the early 20th century that chromosomes with paired factors 
were the basis for Mendelian transmitted information. The theory also stated that 
chromosomes had genes located on them at specific loci. This theory still however had 
chromosomes being the definitive and governing factors of inheritance that resulted directly 
in phenotype. How and with what these ‘chromosomes’ were constituted with still remained 
unknown.  We cannot ignore the fact that Lamarck introduced the important concept of 
‘change’ as a function of transmission. Even though the specific mechanistic explanation was 
not congruent with what is currently accepted. 
Mendel paved the way for the current paradigm in heredity. As mentioned earlier, his trifold 
set of laws of; segregation, independent assortment and dominance have been accepted as 
central tenets to classical genetics and heredity.  
The law of segregation states that each gamete carries only one allele for each gene due to 
the fact that the alleles for each gene segregate from each other during formation of gametes.  
The law of independent assortment states during the formation of the gametes, genes for 
different traits will segregate independently. 
The law of dominance states there are two allele types for each gene. When the dominant 
allele is carried by the organism, the effect of that allele will be manifest in the phenotype of 
that organism over the recessive allele effect. 
This current view of heredity also combined with Darwin’s theory of evolution, explaining how 
if certain traits passed on to progeny enabled advantage to the current environment, that 
survival of those progeny would be enhanced and hence the traits would be maintain a higher 
prevalence within that population.  
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However, now this paradigm is starting to be expanded. Mendel’s first law of segregation by 
extension states that when each allele for the gene segregate during formation of the 
gametes, that they remain uninfluenced by each other (38). It has been evidenced in recent 
times that certain mutations termed ‘paramutations’ depart from the classical Mendelian 
laws of inheritance and have shown non-Mendelian distribution (39) (40) (11). These 
paramutations have been well studied in the plant kingdom, however they are also being 
evidenced in the animal kingdom. Paramutations most certainly involve RNA and depart from 
the classical Mendelian law as it has been shown that one allele for a gene is able to influence 
the other allele on an epigenetic level and that this influence is heritable (41). There is 
evidence to show that this RNA-mediated effect has been shown in the mouse model (40). 
This relatively new epigenetic contribution in itself offers a broad expansion of the currently 
accepted Mendelian model of genetic inheritance given that studies have shown offspring 
have shown non-Mendelian phenotype distribution patterns (40).  
 
The traditional paradigm in development 
The question of how simplicity develops into complexity has plagued the study of life since 
long before any formal biological science was ever established. It was indeed Aristotle (ca. 
350 BC) who provided the earliest known study of comparative developmental anatomy, The 
Generation of Animals, in an attempt to answer what would prove to be a series of particularly 
evasive questions that still dodge a complete answer (42). By setting out to collect and 
observe the eggs of different animals throughout their incubation up until hatching, and 
wondering how it was that the egg (or the embryo inside it) could mature into a creature with 
either feathers or slick skin, with lungs, hands or wings, eyes, et cetera; he unknowingly 
started the science of Developmental Biology (or simply, Development). 
This wondering, which was so important to Aristotle as the source of all knowledge (42), 
constitutes the central question of development, and is not at all trivial; all animals, from a 
tiny mouse to a great blue whale, start their individual lives as a single cell, a fertilized egg; 
and in the early stages of development their embryos are near impossible to tell apart. At the 
same time we know that the different species are stable in their characteristic morphologies 
and physiologies in spite of changing environmental conditions or even some degrees 
37 
 
discontinuity in their internal dynamics, such as injury, hunger or sickness; all whales can be 
recognized as such and be told apart from mice and are expected to beget more whales and 
nothing else, the same counting for the mice or in fact any species of animal, regardless of 
the fact that they all start off having the same shape.  
Furthermore, life is expressing itself with staggering structural and functional precision, more 
so in grown individuals and all the more in more complex organisms such as mammals and 
humans. The cells that produce the photosensitive proteins that allow us to see find 
themselves in our retinae on the focal point of the crystalline, a lens made up of an entirely 
different type of cells, translucent and flexible, and an excess or shortness of but a few 
millimetres in the length of the eye between the two can render a person virtually blind, yet 
that rarely happens. This applies not only to big animals, but to just about every kind 
multicellular life form; they start small, they start simple, and yet they reach great 
sophistication. 
The wonder in all this revolves around a central unknown, that of how a finished, complex 
adult organism comes into being. Put in more simple words: where does the vast complexity 
of a finished (fully developed) organism come from? 
This unknown is the central interest of developmental biology and can be called in general 
terms “the development question”; while the study of development is nowadays commonly 
subdivided into several more concrete subjects:  
 The question of Differentiation. A multicellular organism can be made up of anything 
from a handful to hundreds of different cell types, which can remain throughout its 
entire life cycle or be transitory. How does a single cell, the fertilized egg, generate so 
many different cell types? 
 
 The question of morphogenesis. Multicellular organisms do not consist of a shapeless 
mass of different types of cells performing their functions at random. Cells arrange 
themselves in tissues and organs and perform their functions collectively. How do the 
cells know where to migrate and how to organize themselves into tissues of the proper 
kind in the proper place at the proper time? 
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 The question of growth. Cells in the body reproduce in a very controlled fashion. 
Organisms grow as they develop, but only to a certain point and in a way that they 
preserve their anatomy under extremely stable parameters. How do cells know when 
to stop dividing? How is cell division and death regulated? 
 
 The question of reproduction. The reproduction of the greater part of all multicellular 
organisms depends on specialized cells, the gametes, and only these can transmit life 
from one generation to the next. How and when are these cells set apart from the 
rest, and what exactly is it that makes them special? 
 
 The question of regeneration. Some organisms can regenerate entire systems and 
appendages, extremities and even the whole body. Some plants can grow to full size 
from a broken twig in the soil. Most multicellular organisms are capable of some 
extent of healing and regeneration well into the adult stage. How do adult stem (or in 
some cases also somatic) cells manage this? 
 
 The question of evolution. Evolutionary changes express themselves as changes in the 
development of an organism. How do these changes occur in the first place? How 
much change is possible in the incredibly controlled process that is development? 
 
 The question of environmental adaptation. The role of the environment as a shaping 
factor in development is undeniable. How far and how deep does this role go, 
however? 
(42) 
Aristotle, very much the first primitive developmental biologist back over two thousand years 
ago, proposed a theory. He saw the role of male and female in reproduction as 
complementary and hypothesized that the female part provided the nourishment, or raw 
materials, for new life while male sperm provided the forming force that would order the 
female building materials into a whole new organism. This makes Aristotle also the first 
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proposer of Epigenesis, the school of thought in developmental biology that sustains that no 
pre-existing form of a new organism exists before its formation actually is set in motion. Even 
though Aristotle lived centuries before the debate really happened in the scientific 
community (also centuries before there was a scientific community as such), he successfully 
established the idea that it is the process of living which creates new life from scratch, and 
this idea remained largely unquestioned for close to two thousand years. According to him, 
the complexity of life developed from inert female menstrual fluid thanks to the shaping force 
of the male sperm. (42) 
Embryology, the progenitor of developmental biology started by Aristotle’s cracking open a 
chicken egg every day of its 3-week gestation, remained a very primitive and speculative field 
until the invention of the microscope, with which the growth of the embryo could be observed 
in much greater detail than ever before; a change that gave energy to a second school of 
thought in development: Preformationism. 
Preformationism in its most primitive shapes (17th and 18th centuries) saw all the complexity 
of the adult organism in even the earliest stages of development, and thus thought that the 
fully developed organism must exist already in one shape or another inside the egg, needing 
only to grow, or unfold. Extreme preformationist points of view hypothesized that an 
uncountable number of generations could be found inside any egg, oocyte or actual egg, as 
an all-generational Matryoshka doll, each layer of new life already determined and ordered, 
just waiting for its chance to grow. (43) 
The preformationist view, even in its most primitive and nonsensical extremes, had then (and 
has always had) the luxury of seeming plausible and mechanical. Before the physical sciences 
had advanced far enough as to put a limit to the smallness of things with the modern atomic 
model, there was no reason not to think it possible that inside every egg in a woman’s ovaries 
was a tiny folded woman with tiny ovaries inside of which lay eggs with even tinier women 
with their own infinitesimal ovaries and eggs and so on, if not forever, for the rest of the 
biological future of Mankind. Leaving aside the question of the origin of so many 
prefabricated and predetermined generations of little women (a question there was little 
place for in a world where the Christian myth of creation with its Adam and Eve remained 
largely unquestioned), this explanation made more sense for a great many minds than the 
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mysterious shaping force of Aristotle’s. It was all growth, a phenomenon everyone was 
familiar with. In a sense, this theory shares common ground with much more modern views, 
in that the organism is predetermined inside the egg, in one or other form of informational 
compression. 
On the other hand, the most careful and dedicated observations made by supporters of 
epigenesis, such as the German embryologist Kaspar Friedrich Wolff in the 18th century, 
always lacked this familiarity. While seeing structures in the embryo develop from tissues that 
were nowhere to be found in the adult organism and seeing order arising not from the growth 
of tiny parts but from the transformation of newly created cells, Wolff and his co-thinkers had 
no other recourse but to quote an “essential force”, a mysterious, dislocated force which 
somehow should interact with the embryo and organize its development from simplicity into 
complexity. (42) Their theories were never the most popular. 
Embryologists of the late 19th century performing experiments on the embryos of sea urchin, 
discovered that splitting the zygote or killing some of its cells while still at the very early stages 
of division (four to eight cells) did not necessarily impede the development of a whole, healthy 
organism (and in many cases yielded two of them). This put an end to the concept of a tiny 
grown organism contained in the egg, as well as to the latest theory (in that time) which 
postulated that chromosomes bundled all the determining elements of all the cell types in 
the adult, and these were divided into many smaller parts during early cell division to create 
all the necessary cell lineages of the developed organism. The conclusion of these 
experiments was that of an epigenesist spirit: inside every cell was the possibility for 
becoming any type of cell and form part of any kind of tissue in the grown organism, without 
it being previously determined which it would become or when. Furthermore, careful 
manipulation of the cells in later stages of development showed that cells which would 
normally form the spiny shell of the sea urchin, would develop into normal digestive tract 
cells if transplanted to the area that contained the cells forming the mouth and oesophagus, 
instead of forming spines in the mouth or intestines of the poor creature. The conclusion was 
that the fate of each cell, and thus the development of the animal itself, did not depend upon 
the chromosomes within them, nor in the genes they contain. (43) This was confirmed in the 
late 19th and early 20th centuries; all somatic cells in an organism contain exactly identical 
chromosomes and therefore the same genes; those of the initial fertilized egg. (42) 
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Genetics, meanwhile, developed as an independent science from development during the 
20th century, but it was inevitable that geneticists eventually turned their attention towards 
development and developmental biologists towards genetics. This happened in such a way 
that the new paradigm for development, born from its union with genetics, was of a 
preformationist nature: The whole adult organism is not contained within the egg from the 
beginning in a literal sense, but all of it is present in the egg’s genome, coded as a complex 
set of instructions or blueprint that the developing zygote and embryo only need to decode, 
a way of unfolding, until the expression of the latent organism gives rise to the actual 
organism. This view, once more, is quite comfortable for intuition: the complexity is 
predetermined in the genomes of the organism’s forbearers, and the whole process of 
development consist of information compaction, some careful mixing, and decompaction into 
a new whole living being. (43) 
The problem with this view is, fundamentally, that genes are now known to be much more a 
resource (a library of usable parts) than a set of instructions or a directing algorithm for life. 
Coded in the DNA of every living being are the recipes for the construction of proteins and 
enzymes, absolutely essential for life in every imaginable way, but not the instructions of how 
the cell is to use them or which should be constructed at all. In more precise terms, the 
genome itself does not contain the patterns of gene expression that control the development 
of an organism as a molecular recipe, as evidenced already in the 18th century by the capacity 
of an already partially differentiated cell in the sea urchin embryo to form part of an entirely 
different system of tissues than that which it was initially set out to. 
Further discrediting this new preformationist view, are the cases of identical human twins 
that develop the same congenital conditions to different degrees (or where one does and the 
other does not at all), the wide range of coat colour in mice that share the same melanin-
related mutation, or the case of Rainbow the cat and her clone Cc (short for Carbon-copy) 
who neither looked or behaved anything like the original (43). In the field of human health, 
the shortcomings of genetic preformationism make themselves evident in the apparent 
impossibility to definitely identify genes responsible for certain phenotypical characteristics 
such as obesity or the propensity for metabolic disorders. 
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Thus it is, that since the 1960’s the consensus arose that the answer was differential gene 
expression. That is, the shape, function and placement of a cell is determined by which of the 
genes in its genome, which it shares with all other cells, is expressed and when. 
This principle is best expressed in the three postulates of differential gene expression: 
 Every cell nucleus contains the same complete genome established in the fertilized 
egg. 
 The genes which are not used in a particular cell are neither removed, destroyed nor 
mutated; they retain the potential for being expressed. 
 Only a small portion of the genome in each cell is expressed, and a portion of the RNA 
synthetized in each cell is specific for that cell type. 
(42) 
It is also part of the current paradigm in developmental genetics (and thus in development in 
general) that gene expression is regulated at both the transcription, RNA processing, mRNA 
translation, and protein modification stages. Thus it has been inevitable to establish that, in 
spite of intuition’s natural tendency to look for all of the final organism in a single source (DNA 
being the latest candidate) (43), development depends on a number of factors, not least of 
them the interaction of the cell with its environment in a complex feedback network that 
contains the genotype, differential gene expression, cellular function and the surrounding 
environment. (42) 
Of the many forms of gene expression regulation, the ones that affect it in the longest term, 
so as to allow for cell differentiation to last a lifetime, or to be though as responsible for non-
genetic long-term phenotypical traits, belong to the epigenetic family. This makes epigenetics 
the fulcrum of the latest paradigm change in development; that which sets to elucidate the 
processes behind differential gene expression as a function of both the genetic code, 
epigenetic modifications, and the cellular and organismal environment.  
It is important to note that the new paradigm in development which is forming thanks to the 
study of differential gene expression, with epigenetics as a mayor mechanism involved in it, 
no longer looks for a pre-existing source or blueprint for the organism, as DNA was initially 
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thought to be. Rather, it seeks to establish that the finished product of development depends 
on a number of factors that are not wholly found before conception takes place and gestation 
is underway, and which can change during the process, altering the final form of the organism 
(in fact, development does not stop even in adulthood, as will be discussed later in this 
report).  
This is, in essence, an epigenesist approach to development, where it is cellular function, with 
the life it came from and the life it is surrounded by, that is the director, and not the genome. 
(43) As such, it comes as no surprise that the term epigenetics stems from the much older 
word Epigenesis. 
As an allegory which may to a certain point serve to clarify the subtle difference between DNA 
as a fundamental and defining resource in development, and DNA as a director of 
development, consider this: bricks, chairs, desks, lamps, scientists, pupils and books (the 
books symbolizing DNA) do not make a University, much less a particular university, with its 
particular strengths and weaknesses, traditions and study environment. The university arises 
from the presence of all these elements plus the dynamics with which all these elements 
interact with each other and the environment’s influence in such interactions. 
 
Reductionist and holistic approaches 
Before continuing further, it seems necessary to establish what in the context of biological 
sciences can be considered holistic and reductionist views. 
First of all, reductionism and holism (or antireductionism) exist in science both as ontological 
and epistemological dichotomies. Here, we will address the epistemological discussion, i.e. 
what we can know and how we can know and study life. The ontological discussion, what the 
actual nature of life is, will be left to the side as much as possible. 
Secondly, to minimize the danger of misusing language, which is greatest when trying to 
condense what is a rather subtle difference in epistemological approaches into a one-phrase 
definition, it is perhaps best to define these two views through what sets them apart from 
each other. 
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In the study of living systems (the word system already comes with luggage, here it will be 
used with closed adherence to Paul Weiss’ definition (44)) one sets out to observe it’s defining 
properties; what it makes it be what it is. What these properties are, of course, depends on 
the system to be studied, and already here subtleties begin to make reasoning harder. Take, 
for instance, a leopard’s coat. One of its properties, a rather essential one by which we can 
identify it as being precisely a leopard’s coat and not a tiger’s, is the spots. 
However, to study any living system, we also work to split such system into its components 
and analyse each component and its behaviour to gain an insight on the train of causality 
behind the properties of the system. By doing this, we’re imposing an epistemological 
premise: for knowing (delimiting and causally understanding) a system, it is necessary to know 
the workings of its components. Back to the leopard’s coat, we must then approach the coat 
by examining the individual hairs. 
However, when looking closely at the individual hairs that make up the coat, one does not 
see the spots. There are not even spot-hairs and background-hairs. The hairs on the coat of 
the leopard are striped with bands of background colour and black, where the pattern of dark 
and light bands varies in position and relative breadth among all hairs. The spots appear only 
when the hairs grow in a particular order with a particular spacing between them and in a 
coordinated speed. The spots, are an emergent trait in the coat system, i.e. a result of the 
patterns of growth and coloration of the individual hairs that make up the coat. These traits 
do not exist in the components of the system. 
Besides these emergent traits, we will also refer to collective traits, which are simply a result 
of the addition of the traits in the individual components of a system; the weight of the coat, 
for example, is simply the sum of the weight of all the hairs it is made up from. 
It is here that reductionism and holism set themselves apart from each other. The reductionist 
approach acknowledges traits in the fundamental elements of a system, and explores the 
individual modes of interaction between such elements, seeking to explain the collective 
features as well as the emergent traits of the system through these individual properties and 
interactions. Taken to an extreme, reductionism would propose that the entire system can be 
totally defined, described and studied through the study of its fundamental components, and 
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the search these fundamental components must be maintained throughout all levels of 
organization, down to, at least ideologically, the most basic constituents of the Universe. If 
possible, reductionism would explain life and ecology through particle physics. (45) 
In the reductionist spirit, the leopard’s coat as a whole is nothing more than an ordered 
collection of striped hairs, or a series of bundles of protein, or mostly carbon atoms, or an 
uncountable amount of quantum particles all interacting with each other, depending on how 
far one decides to go. 
The holistic perspective, on the other hand, requires the emergent traits of the system to 
define and study the system, and questions whether it at all makes sense to provide an 
explanation to a complex phenomenon, or a living system, referring only the most basic and 
universal physical levels (45). Furthermore, holism refutes the concept of “fundamental 
parts” and sees the task of defining the system as resting on the behaviour of all of the 
elements that influence it and in the particular dynamics in which they collectively interact. 
Taken to an extreme, holism ignores entirely the properties of the components of the system 
for the behaviour of the system as a whole, studying only the interactions that can be 
observed between collective and emergent traits, and higher organizational levels. The 
leopard’s coat is, according to holism, is a fur coat with spots of a known shape which allow 
the leopard to stalk in its natural environment. 
According to Paul A. Weiss (incidentally, a developmental biologist) (44), holism and 
reductionism are in fact complementary for a neutral approach to the system in which there 
is a maximum of information preserved and, it could be argued from his language, a healthier 
perspective to the study of nature. He compares reductionism and holism to looking at the 
same object through one and the other side of a telescope.  
Reductionism abandons the study higher-order interactions to study the individual 
components of the system, and great advances in the life sciences are in fact due to rigorous 
exercise of this mentality. However, the individuality and the fundamental character of the 
components are entirely arbitrary concepts. Nature is a continuous medium in which our 
minds as observers impose borders when we judge reasonable. Neither is a component really 
ever fundamental, since it is always possible to find a lower level of order (in life sciences) of 
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which such component is a complex system, and its “essential” traits are in fact collective or 
emergent features; nor is it ever really independent. (44). 
On the other hand, holism alone is a very poor soil on which to base a scientific theory, as it 
provides very little detail on the causal networks behind the behaviour of the system and very 
easily falls prey to conjecture and speculation. Such was the case with the study of disease 
before the revolution in biological sciences made possible by the microscope. 
This means, to finally end the leopard’s allegory, that in complementary approach the coat is 
defined by being made of regularly spaced striped hairs with a characteristic shape and a 
range of thicknesses, lengths, stripe patters and growth rates, made of certain proteins which 
depend on a number of genes in the animal’s DNA and owe their colour to particular chemical 
properties; as well as by the spots it sports when looked as a whole, when the animal has 
developed properly, which allow the leopard to blend in its environment and us to know it as 
a leopard and not a tiger. 
 
Holism, reductionism and epigenetics 
The idea mentioned previously, that an individual consists entirely of traits which come 
directly from the individual’s genotype, with genes coding directly for traits, and therefore 
the organism being entirely defined by its genome, is actually long since fallen out of fashion, 
at least among geneticists and developmental biologists (popular culture seems unwilling to 
entirely let go of a fatalistic idea of genetic determinism, which half a century ago was already 
understood as ultimately unreal (44)). Under this exaggeratedly deterministic view, we would 
be no more than the unequivocal expression of the collection of genes that we received from 
our parents, and everything the individual is capable of being can be read from a mapping of 
its DNA (43). This idea was part of the leftovers of an outdated mechanistic approach to 
science, a reductionist extremism against which scientist eventually joined opinions across 
fields, to the benefit of science in general.  
Since genes do not code traits, but proteins and enzymes, the individual arises from the way 
in which these genes are read and are translated into functioning molecules, which makes it 
clear that the culmination of the phenotype is not quite as simple as extreme reductionism 
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would like to think. There are a number of genes which are essential for any of the 
macroscopic traits we recognize on every life form, not least ourselves, but there is no such 
thing as a gene for having eyes or having a brain while there certainly are genes whose 
malfunction can disturb or entirely stop the development of either eyes or brain. Our 
emergent traits are as necessary to defining us as are our different cell lineages and the genes 
coded in our DNA. 
The realization that gene expression and therefore the phenotype are influenced by a myriad 
of interactions between different parts of the body and across all organizational levels, not 
excluding the environment, was one step further towards holism. In this relatively new mind-
set, the individual is more than the sum of its parts; it is a product of the complexity inherited 
from the previous generation, its genotype, and the environmental conditions present 
throughout its development. 
But even the previous phrasing is misleading: DNA plus immediate environment per se still 
can’t account for the intricacies of life in its totality. Not in a static fashion. Neither is it the 
collection of emerging traits which we observe when zooming out from the molecules alone; 
the behaviour and from we see in healthy individuals, and the syndromes we observe in the 
non-healthy are ultimately meaningless without knowledge of the internal workings all the 
way down to the molecular. 
Rather, it is the effect of the products of differential gene expression on cellular function that 
shape each and every cell and give it function, and it is the collective function of all cell 
lineages and populations in an organism that culminate in the traits that make up its 
phenotype. At the same time gene expression itself follows environmental cues all the way 
from transcription, translation and post-translational modification to epigenetic 
modifications that affect the overall participation of each gene in the whole process, and 
influence the whole gene regulatory network in the long term, and thus influence the 
phenotype, thus influence the interaction of the cell, tissue and organism with the 
environment, and thus influence the environmental cues themselves (See Figure 14).  
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Figure 14.  An illustration of the many interactive relations between levels of complexity in a living system. This illustration 
belongs to Paul Weiss’ notes for the Alpbach Symposium in 1968 (44), and lacks a separate level for the epigenome. 
However, it does illustrate interactions between the genes and the chromosome and between the chromosome and many 
other levels. This can be seen as hinting to the role of epigenetic modifications in chromatin structure. 
This is the true revelation that heredity and development have arrived to after nearly two 
thousand years of study. An epistemological to-and-fro between the reductionist analysis and 
the holistic synthesis. 
The fundamental role played by epigenetics in this balance comes from the necessity for 
communication between levels of complexity. The genome inhabits the very centre (both 
literally and functionally) of the cell, and its language is that of the macromolecular. 
Nevertheless, gene expression is regulated not only by the immediate cellular environment, 
or by communication with contiguous cells, even though these interactions are certainly 
fundamental to the process. Gene expression is subject to cues that depend on emergent 
macroscopic properties of the system which can be many organizational levels above the 
molecular, such as the perception of danger. 
The organism as a whole as much as the mitochondria inside the cell are dynamic entities, 
forever and constantly changing and never staying still. Yet they remain what they are. It is 
the nature of their constituents (which are lost and renewed all the time) as well as the 
patterns in this ceaseless dance of change, which remain constant and give every 
organizational level its characteristics, up to and beyond the whole organism. Somehow, the 
cell in its very core “knows” (beware not to take this anthropomorphism too seriously) how 
to behave based on information that can only be seen from above, like the length of our 
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bones, the shape of our faces or the physiological effects of the combination of hormones 
produced collectively among tens of thousands of cells in different parts of our body. These 
cues are largely epigenetic in nature (43). Thus, epigenetics is fundamental to our capacity to 
step back and forth from detail to broad perspective without calling on spooky “organizational 
forces” and understand the mechanisms in which information flows across levels of 
complexity to give stability to our shape and function. 
In short, epigenetic modifications reversibly encode lasting information about the behaviour 
of the entire system from all levels (as high as multiple organisms in social interaction) all the 
way down into the molecular mechanisms that allow for differential gene expression, thus 
allowing molecular processes to shape higher-order traits in a precisely controlled and 
relatively stable manner for as much as the entire life of the organism and that of its offspring 
if said modifications should be carried out early enough in the organism’s development.  
And in all this, epigenetics has one more dimension to add to the holistic-reductionist 
landscape of achieving a phenotype: transgenerational epigenetics expand the reach of 
epigenetic modifications to the form and function of progenitor generations and their 
interaction with their own past environments (figure 15 attempts to illustrate this complex 
network of interactions). 
This way, certain traits observed in one individual can be influenced by interactions that need 
not even be possible during the individual’s life, but may have happened one, two or three 
generations before its conception, perhaps more. And yet again, the individual’s phenotype 
will be influenced by the life that preceded it, not determined by it; as the reversibility of 
epigenetic modifications opens a line of interaction between inherited gene expression bias 
and the interaction of the individual with its environment at different stages of its life, and 
even further, the epigenetic modifications it may or may not pass down to its own offspring. 
All of this, it must be noted, without altering the DNA sequence.  
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Figure 15. This figure illustrates the interactions across organizational levels in which epigenetic modifications directly or 
indirectly participate, including those related to transgenerational epigenetic inheritance. 
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5. Discussion: The transgenerational change 
 
What fear wrought. Case I: Parental olfactory experience influences behavior of the 
offspring 
Proposing that if not the gene, the epigenetic mark responsible for instinctive fear has been 
discovered would be, scientifically speaking, a big fat lie; the experiments on fear response 
and olfactory experience point very strongly at an epigenetic connection between parental 
experience and offspring phenotype, nothing more. To be clear, very particular 
environmental conditions in one generation of mice have been positively linked with 
differences in the methylation of particular smell-related genes in their gametes, together 
with observable differences in olfactory tissue structure of subsequent generations of mice. 
Most importantly, however, a very specific change in the fear response of the mice in these 
subsequent generations was observed while the same difference in methylation patterns and 
in olfactory tissue were also observed, with no observable immediate environmental cause 
(25). 
Such is the nature of genetic (and epigenetic) research. One establishes, through carefully 
controlled experiments, that differences in the molecular level correspond to differences in 
properties of elements in higher organizational levels. The more one can clearly establish the 
causality behind the differences on higher-level properties of the organism from the 
differences in gene expression by short jumps up the complexity ladder, the more one can 
say that the genetic or epigenetic cause for a particular trait has been understood. (44) 
However, this is not to be confused with a deterministic explanation of a high-level property 
such as fear response based on genes or epigenetic markers, simply a very sure understanding 
of an epigenetic factor that influences it.  
This being said, establishing that this particular inherited increase in odor-specific fear 
response does not have its genesis in random genetic mutation and natural selection, would 
constitute no less than a small revolution in the life sciences. To this effect, the data provided 
by Dias and Ressler (25) very strongly relates the exposure of adult mice to specific 
environmental factors with a specific fearful response in children and grandchildren through 
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the expression of individual genes and the increased presence of specific olfactory receptor 
neurons. 
As mentioned before, it is well established that stable epigenetic mechanisms are largely 
responsible for cell differentiation, which among a myriad of other things determines what 
chemical compounds an olfactory bulb cell responds to by controlling the degree at which 
each member of the olfactory receptor gene family is expressed (25), and in a higher order 
they’re also responsible for morphogenesis of the olfactory bulb epithelium. 
However, that even in the adult stage, there seem to exist mechanisms which affect the 
methylation patterns of sperm and eggs, and that such methylation patterns can somehow 
survive the thorough epigenetic reprogramming that occurs after fertilization, definitely calls 
for a review on the paradigms of cell differentiation and reproduction in developmental 
biology. This implies not only a subtle and precise mechanism which encodes for increased 
differentiation of cells into specific receptor neurons without negatively affecting the overall 
expression of the genes involved in the morphogenesis of the nervous system, but also a 
(presumably) epigenetic mechanism that encodes the association of such smell with fear, 
some sort of specific connection between smell receptors and the mouse’s stress axis. 
Furthermore, until now it has been the accepted paradigm that all epigenetic markers are 
erased in the very first stages of development to allow for differentiation to occur anew, yet 
somehow biases in development seem to be able to survive these processes and affect the 
development of F1 and F2 generations (and further). It is also worth mentioning that 
whatever changes are transmitted at the epigenetic level in this case, they take effect at an 
early developmental stage after which the demethylation mark is erased from the somatic 
cells in the olfactory bulb tissue; yet demethylation of Olfr51 and Olfr6 (in acetophenone- and 
propanol-conditioned mice, respectively) remains present in the oocytes or spermatids, 
allowing this developmental bias to continue down to the next generation (25). 
This implies that there could exist a non-genetic type of inheritance, which of course need not 
at all fit the Mendelian model, and which is triggered by high-level functions such as behavior 
and sensorial input, rather than being caused by random mutation. 
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The strength of this case as evidence of a transgenerational side to epigenetics is the fact that 
the interactions between the mouse and the environment can be tracked at the molecular 
level (the specific activity of Olfr51 and Olfr6 receptors signaling the presence of 
acetophenone and propanol, respectively) and at the system level (the perception of electric 
shocks by the mouse’s peripheral nervous system and the interpretation of such as 
undesirable by its central nervous system), as well as, of course, the epigenetic level. 
This not only reduces the number of interactions which could alternatively explain the change 
in the emerging feature of fear response, but also shortens the causal distance between the 
subsequent changes which are thought to link the epigenetic with the behavioral. 
With the present evidence, the changes in the epigenetic layer of Olfr51 and Olfr6 can be 
unequivocally linked to an increased number of specific receptor cells, which can in turn be 
unequivocally linked to an increased sensitivity to a particular smell. This holds true on the 
other end of the complexity scale, the presence of the smell has been unequivocally linked to 
the perception of the smell as well as an increased fear response. This holds true for 
generations of mice which have never either encountered the smell or experienced the fear 
response test, regardless of gender. (26) 
The mechanism in which fear in the presence of a particular smell becomes translated into 
epigenetic marks, however, is still a complete mystery; but Dias and Ressler speculate that 
the odorants used in the experiment could conceivably enter the bloodstream and somehow 
trigger odorant receptors present in the gametes or gametides, causing demethylation of the 
associated gene. (26) Another suspect could have the form of microRNA, which also 
conceivably could circulate from the central nervous system into the gonads and target 
specific genes (25).   
Also an unknown are the very important mechanism responsible for the association of the 
smell with fear in offspring (presumably also a transgenerational epigenetic mark) and the 
mechanisms that allow for such changes in epigenetic marking to survive the reproductive 
process. (26) 
Further research is definitely needed to outline the family of interactions which connect fear 
and smell with the epigenetic layer in the gametes in both directions (from mouse 
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environment interaction to epigenetic marks in F0 and from epigenetic marks in to mouse 
behavior F1, F2, etc.) as well as to establish whether it is the epigenetic marks themselves or 
their patterns which are preserved during reproduction, and the mechanisms involved. 
Finally, it must remain present that understanding at the molecular level alone gives only a 
partial picture, and research must also be performed to link the changed gene expression with 
tissue and organ interactions at a broader level, and at the neurological level the development 
of the biased fear reaction, culminating in the environmental implications of such a 
phenomenon. 
 
Licked pups. Case II: High Maternal LG/ABN  
The status of this case as evidence of a transgenerational character to epigenetic 
modifications, when related to the dynamics of neurodevelopment and its interaction with 
maternal care and overall behavior, is rather hotly debated. As it will be discussed here, there 
is on the one hand great organizational distance between the epigenetic level and the 
behavioral, with too few clear stepping-stones to elucidate the chain of causality that would 
secure our understanding of the trans- or intergenerational character of any epigenetic 
inheritance to be found. On the other hand, and perhaps more interestingly, there is a clear 
division in opinion as to the epistemological value of this experiment’s results depending on 
whether it is viewed through reduced or holistic lenses. 
As outlined in the second case-study in section 3 of this report, proposed transgenerational 
epigenetic inheritance is offered by example of the rat mothers with differing levels of LG and 
ABN (28). This case garners warranted attention from the scientific community due to both 
its suggestion of evidence for inheritance of epigenetic modifications in the glucocorticoid 
receptor genes and the insightful implications for neurodevelopmental complications for 
people who experienced childhood-trauma and their offspring. Somewhat congruent with the 
findings of the rat behavioral study, epidemiological studies show that humans suffering 
trauma very early in developmental stages are also at a significantly higher risk for 
schizophrenia, bipolar, eating disorders, generalized anxiety and substance abuse (46). 
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It has also been found in human studies, that similar to the rat studies, people who have 
experienced childhood trauma have elevated plasma cortisol levels (47). The same 
researchers that performed controlled rat-behavioral studies also investigated DNA 
methylation levels of the cortisol receptor gene in the hippocampus of the victims and 
consistent with findings in the rat studies, found methylation of this gene to be high in suicide 
victims that had childhood trauma, and low in victims that experienced no childhood trauma 
(48).  
A similar study in mice was performed that also showed offspring that were stressed by being 
removed from their mothers for 3 hours per day for the first 10 days after birth resulted in 
their also having persistent elevated cortisol levels - particularly when exposed to mild-stress 
stimulus (49). The gene investigated in the mice study however was not the cortico-receptor 
gene (as was the case with the rat study), but the arginine vasopressin gene. It was found that 
there was a decreased level of methylation on the arginine vasopressin gene which increases 
the level of arginine vasopressin expression which in turn increased the stress-response of 
the mice pups (49).  
In light of this, transgenerational inheritance would posit that offspring from progenitors who 
experienced childhood-trauma may also be at higher risk of being predisposed to 
neuropsychiatric disorders. The author’s opinion confidently attributes an epigenetic 
component to the case because the effects of trauma are still significantly observed on the 
case population long after the stimulus has been removed, along with causation being 
confidently established due to the significant outcomes of case versus control groups (28). 
But how are we to view this particular proposed case of epigenetic inheritance and how much 
of this evidence are we able to project on to the human neurodevelopmental model?  
In case one, transgenerational epigenetic inheritance was clearly established from the F0 to 
the F2 generation. This is of particular interest for the discussion of transgenerational 
epigenetic inheritance so defined by molecular transmission of DNA methylation and 
acetylation patterns that are passed down to progeny not exposed either to direct or 
intrauterine stimuli  with causative potential to alter phenotype. The epigenetic patterns must 
be present in the spermatocytes and oocytes after maturation and transmitted through the 
germ-line (28). This definition implies that environmental stimulus experienced by a previous 
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generation will pass on epigenetic programming that will significantly alter a phenotype to 
their young. What is even more interesting in the Case I is that the epigenetic programming 
is passed down from spermatocytes as effectively as through oocytes in the female germ-line 
(25). This method of passing epigenetic information through the father precludes the 
possibility of care confounds and intrauterine environment of the F0 generation being  a 
potential environmental stimulus for the F1 and F2 generations (as F2-germ-cells of gestating 
F1-offspring are already in the process of developing inside the uterus), along with 
interference from somatic components of the oocytes, which all confound the ability to 
definitively state true transmission of epigenetic markers via the germ-line. Observing 
transgenerationality via spermatocytes would hence add to the case of the epigenetic 
inheritance as defined above.  
However, in contrast with the olfactory case, the LG and ABN phenotype case evidenced 
phenotypic transmission only in subsequent F1 generations. This in itself does not allow the 
ability to conclude whether or not the sperm cells that gave rise to the F1 generation have 
also been exposed to the environmental stimulus and thus programmed that way (50). 
Initially, the authors were only able to show correlation between maternal activity and HPA 
activity (mediated by GR expression), however cross-fostering results according the authors, 
showed clearly that cytosine-methylation of the NGFI-A binding element in the exon 17 GR 
promoter was not only significantly associated with maternal activity, but that there is 
causation associated with maternal activity and said methylation. Given that epigenome 
variation was shown to be a function of specific maternal stimulus with the offspring needing 
to be exposed to a particular level of care, this case offers us an opportunity to distinguish 
between behaviorally-modified social-transmission and biological epigenetic inheritance - 
either multigenerational or transgenerational inheritance, as previously outlined in section 2 
of this report (50). Other cases that exemplify behavioral or social transfer in rats are also 
relevantly prolific, with cases also highlighting the perpetual propagation potential of social 
transfer when poorly cared for offspring themselves become poor mothers and again nurture 
stressed offspring (51) (52).  
In this socially mediated inheritance, the alterations in higher-complexity organizational levels 
of the organism (CNS, behavior) are still the result of a skewed epigenome, quite probably 
together with other non-epigenetic factors; but such differences in the epigenetic layer of 
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organism in question are the result of consistent environmental conditions, which are in turn 
traceable to the epigenome of organism in the immediate social environment, who developed 
their own epigenetic deviations in the same fashion from their own social environments. 
The differentiation between social transfer and biological inheritance, and the mechanistic 
explanation for both, is an important one to distinguish as the implications for origins of 
phenotype will, amongst other things, confer very different methods for treatment of disease, 
undesirable phenotype and general elucidation of etiology.  In the cases outlined in the 
previous paragraph, social transfer results when epigenetic programming is modified purely 
as a function of behavioral stimulus (social environment) during early developmental stages 
(proposed due to heightened plasticity of the brain) especially, without the need for germ-
line transmission. The cross-fostering experiments conducted by the authors of that paper 
were according to them, able to concretely confirm that conclusion, given that they 
demonstrated that methylation patterns of the exon 17 promoter of the GR were directly 
altered by variations in maternal care only.    
This specific case notwithstanding, there are beginning to emerge an ever increasing amount 
of rodent-based studies that are speaking more and more toward what is accepted as true 
epigenetic inheritance, with associated DNA methylation being seen in the brain and in the 
germline of up to three generations in males, with methylation patterns being independent 
of maternal care (53) (54) (55). 
However not all experts are in agreeance with the author’s conclusions and parallels drawn 
from this specific case of social transfer for implications into the human model (56). A major 
concern from this study seems to inadvertently have molecular biologists and behavioral 
scientists diametrically opposed on the agreeance continuum. One of the largest points of 
contention with the study is that there is no proven mechanistic explanation. Adrian Bird - a 
leading expert in DNA methylation at the University of Edinburgh, conducted studies that 
according to him, refute the likely key mechanism underlying the modification to methylation 
patterns (57) (56). The author of an article that critiques the study by Weaver et al., comments 
that the methylation changes witnessed are quite small and would often be considered ‘white 
noise’ by epigeneticists who typically demand robust changes in methylation - like those that 
are seen in embryonic development and in zygotes. What is being suggested here, is the 
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ability to distinguish between what is “statistically significant and what is biologically 
significant” and this needs to be determined according to Bird et al. Additionally the author 
also points out whether these changes are actually happening in the neurons themselves or 
the glial cells that serve to protect the neurons remains ambiguous (56).   Again, the question 
of correlation and not causation is called into question by opposing camps as to whether such 
small changes in epigenome are able to have such a dramatic effect on phenotype, and 
whether there is actually any functional effect - particularly in lieu of concrete mechanistic 
elucidation regarding how methylation patterns are able to be removed (56).  
Szyf et al. published a paper in 1999 that showed that a protein called MBD2 had the ability 
to rapidly remove methyl groups (58).   However a few years later, Bird showed that mice 
which did not have the Mbd2 gene had normal methylation patterns and therefore seriously 
called into question MBD2’s role in demethylation (57). He further stated that “The crucial 
missing piece is a pure biochemical demonstration of enzymatic activity” (56). The point 
regarding the credibility of MBD2’s role is particularly salient. Methylation patterns on DNA 
are established early on target genes in the brain - perhaps prenatally, however no later than 
at one day old. This means that all the rat pups started with a baseline level of DNA 
methylation, and that those pups that were exposed to higher levels of maternal care actually 
had their DNA methylation lowered - it was not that the pups who received less care had their 
methylation levels increased, as may be easily assumed when reading the study.  
This makes the agreement upon actual transgenerational character in this case particularly 
difficult. Experimental results so far are still as unable to confirm as to entirely refute the 
possibility of there being in alterations of this baseline methylation which are inherited 
through the germline, since of course such biases, if present, can be reinforced or conceivably 
reversed by maternal care from the very earliest stages of postnatal development. This 
argument alone can potentially render any argument in this discussion moot, until, of course, 
the window of methylation for the glucocorticoid receptor is clearly identified, and an 
experimental setup that overcomes confounding effects of intrauterine and postnatal 
environments is designed and carried out. 
Independent of this critique comes another interesting point that appears to complicate the 
ability to disentangle the concrete conclusions of this case and other similar behavioral-
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epigenetic studies. Certain enzymes in the TET family such as TET1 are able to hydroxylate 
methylated DNA and convert it from 5-methylcytosine to 5-hydroxymethylcytosine (59). This 
change reads as unmethylated DNA disallows the binding of the MeCP2 protein that normally 
binds to the methylated DNA to recruit other repressing proteins and modifications like 
histone deacetylation. However, until recently techniques did not allow for making the 
distinction between 5-methylcytosine and 5-hydroxymethylcytosine. This means that it must 
be considered that when stating amounts of demethylation that had apparently occurred, it 
is impossible to know of this amount how much was actually demethylated and how much 
had been hydroxylated. For these neurobehavioral cases, it is particularly pertinent as 
neurons contain more of the chemical 5-hydroxymethylcytosine than any other cells in the 
body (60). 
The proponents and authors of the study counter the aforementioned arguments proffered 
by the molecular biology field by stating that molecular biologists are far too entrenched in 
finding large numbers of percentage-changes to cells in dishes, and that small amounts of 
methylation changes can actually have a dramatic effect in the brain when the entire 
neurobehavioral scope is considered. The behaviorists propose that molecular biologists are 
not considering the whole and holistic real-world picture, and instead are focusing on reduced 
systems and are neglecting to appreciate the synergistic potential of even the small amount 
of disparate methylation patterns that have been evidenced (56).  This critique offered by the 
behaviorists is in a similar vein to what Weiss  stated could be a  common misconception of 
the field of molecular biology if their findings were taken out of the bounds of what their 
study-limitations offered (44). Indeed, the example of showing modulated epigenetic 
programming that was dichotomous in position (methylated and demethylated) for two 
different genes (arginine vasopressin gene in the mice-pups and the cortico-receptor gene in 
the rat-pups) that lead to similar resulting HPA activity for both the rat-pup and mice-pups 
that were removed from maternal care, exemplifies the fact that neurobehavioral etiology is 
complex and is determined by an unknown number of factors. This especially highlights the 
fact that it is highly improbable that any one gene alone can be the sole determinant of 
neurodevelopmental trait.   
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Quieted undesirables. Case III: Agouti locus inheritance in mice  
The agouti coat in mice and other rodents is a remarkable phenotypic trait, in that it 
constitutes an emergent trait in many aspects. Similarly to the example of the leopard’s spots 
given earlier, the agouti pattern itself is the result of color banding in every single hair, caused 
by interrupted melanin production for a portion of the growth cycle of the follicle, which 
depends on the coordinated action of a number of genes and varies with the hair’s position 
on the mouse’s body. (43) One of these genes, named the agouti gene due to its importance 
in the emergence of the agouti pattern, codes for a protein that causes receptor cells to switch 
from producing black eumelanin to producing yellow pheomelanin. (31) 
This allele is subject to a number of mutations, some of which are sought after by pet mice 
breeders due to their attractive effect in the coloration of the coat, and some of which are 
lethal (e.g. the AL allele). (43) One of these mutations, viable yellow (Avy), is of great scientific 
interest due to the very visible effects that the different degrees of methylation in a nearby 
locus, and because it presents a very strong case in establishing that epigenetic marks can 
transcend generations. (43) (31) 
What makes this case so solid, much stronger evidence of a transgenerational character in 
epigenetics than the rat grooming case, for example; is partly the sophistication of the 
breeding tests performed to rule out non-transgenerational causes for the observed 
phenotypic biases in the offspring of Avy-carrying mice; but it is also that the very wide 
syndrome that accompanies the yellow coat trait can convincingly be traced down to the 
ectopic expression of the agouti gene due to the transcription of an IAP retrotransposon near 
it. In fact, it is the methylation of this IAP retrotransposon which in turn influences the 
expression of the agouti protein in a variety of cell types, which in turn interferes with the 
normal production of eumelanin, known to be essential in a number of physiological 
processes besides hair coloring, and which can convincingly be associated with the syndrome 
of obesity, diabetes and increased incidence of cancer in yellow mice, where the activity of 
IAP is highest. (43) (31) Such detailed knowledge of the causality behind yellow, mottled or 
pseudoagouti coats and the syndromes that come with them in a litter of isogenic mice (mice 
with the same genetic background, obtained through generations of controlled 
interbreeding) allows researchers to reliably track not the mutation, but the expression of the 
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affected gene and thus its degree of methylation through as many generations of mice as 
necessary. 
Increased methylation silences the IAP retrotransposon near the Avy gene and allows for the 
development of a pseudoagouti mouse, a healthy exemplar with a coat pattern similar to the 
wild agouti variety. The level of methylation varies from pup to pup in each litter but the 
proportions of high, medium and low degrees of methylation remain close to constant in all 
litters. This allows for observing changes in the proportion of yellow and pseudoagouti pups 
in each new litter and correlating them to the parents’ phenotype or test for environmental 
factors that could be of importance. One such factor is diet; a diet rich in single-carbon donors 
(like folic acid) tends to skew the distribution of phenotypes in the litter of Avy-carrying dams 
towards the more methylated pseudoagouti phenotype. (43) This is indeed a very interesting 
development that receives plenty of attention in current epigenetic research. (31) 
Keeping diet constant, however, the effect of progenitor phenotype becomes clearer. The 
phenotype of the parent does not significantly alter the proportion of phenotypes in the litter 
when the Avy allele is provided by the male and the female carries a non-mutant a recessive 
agouti gene. But when the Avy allele is provided by the mother, the distributions of yellow, 
mottled and pseudoagouti pups are quite clearly changed. The more methylated the IAP 
particle in the mother’s genome is, the more often it is strongly methylated in its offspring. 
This immediately points at the possibility of degree-of-methylation-dependent survival of 
epigenetic marks; however, there is no certainty with only this result that the cause for the 
increased methylation in pups is not due to an interaction between the healthier physiologies 
of the dam with the developing pup embryos. 
This particular point is a crucial weakness in a different epigenetic study of great relevance 
for human health: the epidemiological studies performed around the victims of the Dutch 
famine of 1944. (43) Like in the study on agouti mouse, particular phenotypic differences 
observed in children born to mothers who were pregnant during the famine are thought to 
be of epigenetic origin, associated to altered methylation of selected genes (whose altered 
activity could convincingly be traced to a syndrome of obesity, hypertension and increased 
incidence of diabetes). In this case the certainty of this phenotypic epidemic not having its 
roots in genetic mutation comes from the great diversity of genetic backgrounds in the 
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affected population: the genome of the affected children is too varied to cause such a 
consistent syndrome across the population, while being limited to Holland and the period of 
famine. 
The suspected sign of transgenerationality in this scenario comes from the generation of 
victim’s grandchildren; in spite of being born of adults who experienced no famine, these 
second generation of Dutch grew up to develop higher incidence of obesity and diabetes in 
children born to mothers who themselves suffered from the famine syndrome. However, 
since epidemiological studies do not allow for the same control as experimental studies, it 
remains impossible to prove that the epigenetic marks indeed survive the reproductive 
process in the germline and are not instead triggered in-utero by the affected physiology and 
metabolism of the mother, thus discrediting the Dutch famine as final evidence of 
transgenerational epigenetic inheritance. 
To overcome this possibility, the research team studying the pseudoagouti phenotype 
performed a cross-fostering experiment by transplanting an early fertilized egg from a yellow 
Avy dam to a healthy black dam with no agouti expression whatsoever. The result was the 
same distribution as in a litter carried to term in a yellow dam, pointing once again at 
transmission in the germline. (31) However, timing is a very delicate factor in development, 
and some processes are indeed very fast and occur quite early after fertilization (42). Thus, 
the possibility remains at this point that the epigenetic marking in the pup embryos depends 
on the mother’s physiology very soon after fertilization and is written on the embryo’s 
epigenome before transplantation. This question of timing opens the possibility for a scenario 
similar to that of Case II for the cross-fostering of low LG-ABN female offspring with high LG-
ABN surrogate mothers, where prompt changes in environmental conditions are in fact the 
cause behind the degree of methylation in specific loci. 
However, further experimentation by mating yellow dams with males carrying the Avy allele 
yielded some pseudoagouti pups, contrary to what occurs when a yellow dam is mated with 
a black male producing no pseudoagouti young. This result finally solidifies the case for actual 
transgenerational heredity to be the cause behind the different degrees of IAP methylation 
in the pups: if the origin was the in-utero environment, or the oocyte itself, yellow dams 
would yield equally distributed litters to Avy and black males. (31) 
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This case of transgenerational epigenetic inheritance has many and deep implications for 
development and evolution as currently understood. Transposons make up almost 50% of the 
human genome and exist in different amounts in the genomes of virtually all living organisms. 
Transposons are also well known for altering or disrupting gene function when inserted in 
particular sites near or in such gene. It is as well part of the current paradigm that inactivation 
by epigenetic mechanisms is an important mechanism of control which regulate their 
proliferation and mitigate their effects (61). 
However, transgenerational inheritance of transposon regulation mechanisms could play 
itself a great role in the phenotypic stability of a species in front of a constant danger of 
disruptive transposon activity. As this case shows, quieting of the IAP upstream of the Avy 
allele not only produces healthier individuals, but shows signs of cumulative effects in the 
epigenetic bias that the offspring inherit. Thus, the proportion of healthy pseudoagouti in a 
litter coming from two generations of pseudoagouti mothers is larger than that of a litter 
coming from only one generation of pseudoagouti (31). With such a mechanism, the impact 
of a particular mutation in the health of a population would be greatly diminished and the 
rate of survival until reproductive age could recover after a few generations, changing the 
ecological fate of said population. 
In the field of heredity, this case confronts the paradigms with non-Mendelian inheritance 
once more, but with more information than usual: incomplete erasure of the epigenetic 
marks of the parent during reproduction is the prime suspect as a mechanism for this form of 
transgenerational epigenetic heredity, but whatever its working mechanisms, the 
incompleteness is uneven between pups of the same litter. This means that, at least in the 
cases where the same mechanism is valid, the permanence of epigenetic marks in 
reproduction is not an “on/off” switch but acts in a gradual fashion, allowing for a certain 
chance that a certain number of the epigenetic marks present in the oocyte remain in the 
developing zygote. 
 
 
64 
 
Conclusions 
Thanks to the cumulative work of over two-thousand years of philosophers, naturalists and 
scientists, our knowledge of life now extends from the fleeting realm of the molecular to the 
far reaches of ecology, population biology and evolution. In the constantly changing world of 
biological science, there is now very strong evidence of transgenerationality in epigenetics, 
exemplified here in our cases of parental olfactory experience and the agouti gene, and this 
phenomenon has to be taken seriously and become a part of an updated paradigm both in 
developmental biology and heredity. 
Disagreements in some lines of research, exemplified here in our case of stress response and 
motherly care in rats, also point out an important epistemological need in biology in the face 
of new developments in epigenetics and transgenerational epigenetics: that of adapting the 
theoretical frame to the level of complexity at which studies are performed, taking care not 
to bring paradigms suited for reductionism into realms of complexity that reductionism 
cannot tackle, and vice versa with theories born of the holistic. 
While the question of development stands as it has for a long time, and is still far from any 
final answer, the science of development is deeply changed, especially in the field of 
reproduction. Development has been found to be unfinished in new ways, even in the adult 
stage, as gametogenesis continues after the physiological formation of gametes and 
gametides in the form of writing (and likely erasing) of stable epigenetic marks which are to 
survive fertilization and embryogenesis.  
On a holistic standpoint, it must be now considered seriously that the development of an 
organism (in particular a mammal, and particular among them a human being) may be in 
causal contact with the development of its progenitors and its own progeny and with past 
and future environmental interactions. 
Needless to say, the existence of a family of transgenerational epigenetic mechanisms calls 
for a revision in the paradigms of heredity as well. Growing research around the world, not 
unlike the cases here presented, is finding strong evidence of hereditary mechanisms which 
defy Mendelian paradigms at every step; where the epigenetic character of the hereditary 
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factors means that they are never isolated, act gradually, and, most remarkably, have every 
appearance of being modifiable through life experience. 
There exist a number of diseases for which there seem to be a certain inherited “propensity”, 
but for which the clear trace of inheritance hasn’t been established. Many of these diseases 
that seem to “run in the family” could conceivably have an epigenetic factor in them. This 
hereditary epigenetic element can be of direct biological nature, intergenerational or 
transgenerational, or it can be mediated by social or environmental phenomena which serve 
as linkages between the epigenomes of different generations. 
Furthermore, inheritance can be seen as an essential part in evolution, which means that the 
study of evolution is in need for some re-thinking as well. Is it possible that there exists a kind 
of directed inheritable adaptation which has its molecular roots in epigenetics and takes its 
cues from the interaction of the organism with its environment, which could affect the 
success of a particular population in the process of natural selection, while remaining 
independent from random genetic variation? 
Such a mechanism would mean great changes in our conception of the evolution and 
adaptation of life on Earth. It is not unthinkable that it could accelerate the adaptation of 
certain populations to changes in the environment, for example the presence of new 
predators by directed adaptation of the fear response to odors (25); and at the same time 
perhaps retard the process of speciation in terms of genetic differences, since mutations can 
be silenced, or at least “quieted” by epigenetic mechanisms, as observed in the mice with Avy 
allele mutation, thus softening the effect that a particular mutation would have in the overall 
survivability of  a family line, and allowing at least a portion of its members to carry on 
reproducing (43) (31). 
In all this, holistic and reductionist theories must work together and interact in the search for 
explanations in matters as pressing as human health and as far-reaching as the theories of 
evolution; in the same fashion in which causes and effects, patterns and information are 
bounced up and down the complexity ladder in the living system itself and are even passed 
down generations. Not a search for an answer in a Nature versus Nurture question. Not so 
much a matter Nature via Nurture either, but an exploration of Nature cum Nurture. 
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Perspectives 
 
The transformation in the life sciences brought by transgenerational epigenetics is far from 
finished. It is clear that development must join efforts with genetics and molecular biology at 
the reduced level in the exploration of the mechanisms which communicate high-level 
structures and phenomena in and around the organism with the epigenome, specifically the 
epigenome of the gametes.  
This means addressing many new and exciting questions which have arisen from the results 
of paradigm-shifting research: What differentiates adaptive epigenetic marks to be preserved 
through reproduction, from the functional epigenetic marks involved in the differentiation of 
cells which need to be wiped to restore potentiality to the cells of the early embryo? How 
does the information on the high-level functioning of the organism cascade through different 
organizational levels down to the epigenetic level? How much information is preserved and 
lost in this process, and what are the limits in magnitude and scope for the changes that can 
occur at the epigenetic level after a particular change in higher-level function and the other 
way around? 
These issues are important to address not only to further our knowledge of heredity and 
developmental biology, but also for more pragmatic ends. If epigenetic marks can relate the 
environment of parent and grandparent generations to an organism in an adaptive manner, 
could this interaction also occur in a disruptive fashion? If so, the study of human ailments 
that possess a hereditary element gains a very new dimension. 
In the field of evolution, the question must be asked: is it possible that there exists a 
mechanism which takes one step further down, connecting epigenetic marks to the genetic 
code, effectively changing the course of evolution? (25). Rather than vindicating Lamarck, is 
it possible that Lamarckian and Darwinian ideas are both part of a greater and more complex 
theory of evolution, one that better connects different levels of complexity and does not 
subordinate the whole to the parts or vice versa? 
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Glossary 
 
DNA: Deoxyribonucleic acid is a macromolecule made up of nucleotides, through which 
genetic information is proliferated through generations and through the translation of 
which cellular processes are governed. The bases that constitute four different nucleic acids 
are Guanine, Cytosine, Adenine and Thymine. DNA is double stranded.  
RNA: Ribonucleic acid is a macromolecule made up of nucleotides that is made from a DNA 
template. The bases that constitute four different nucleic acids are Guanine, Cytosine, 
Adenine and Uracil. RNA is single stranded. 
Proteins: A macromolecule made up of amino acid monomers joined together through 
peptide bonds. The specific sequence in which amino acids of various character (polar, 
hydrophobic etc.) are joined together in a sequence that infers a highly specific globular 
superstructure due to folding. Proteins are responsible for catalytic and many other 
functions, fundamental to the workings of a cell.  
Transcription: The process of obtaining a single stranded linear molecule of RNA from a 
double stranded linear molecule of DNA. 
 Translation: The process of converting the RNA code (obtained from DNA) to amino acid 
and finally into protein. 
Methyl: A Carbon atom to which 3 hydrogens and an R group are single bonded, formula R-
CH3    
Acetyl: A carbonyl group to which a methyl group and an R group are bonded, formula R-
COCH3 
Promoter: A region of DNA that initiates transcription of a gene. 
Oocytes: A female germ cell involved in reproduction; immature egg cell. 
Sire: A male parent mice 
Dam: A pregnant or parent female mice 
IAP: Intracisternal A Particles- important class of transposable elements that induce 
genomic mutations and cell transformation by disrupting gene expression 
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Epiallele: Genetically identical allele that is epigenetically distinct. 
Isogenic: Genetically identical (except for sex). Coming from the same individual or from the 
same inbred strain. 
Epigenome: Consists of a record of the chemical changes to the DNA and histone proteins of 
an organism; these changes can be passed down to an organism's offspring. Changes to the 
epigenome can result in changes to the structure of chromatin and changes to the function 
of the genome. The epigenome can be dynamically altered by environmental conditions. 
Cross-fostering: A technique widely used in genetics, whereby offspring are removed from 
their biological parents at birth and raised by surrogates. 
Sodium bisulfate mapping: A method for mapping the methylated cytosine via treatment of 
DNA with sodium bisulphate. This process converts unmethylated cytosines to uracils (and 
subsequently, via PCR, to thymidines), while methylated cytosines are resistant to bisulfite 
and remain unchanged. 
Congenic: A term is used when two organisms differ only in one locus. 
Chromosome theory of inheritance: The theory that chromosomes are linear sequences of 
genes. The unifying theory stating that inheritance patterns may be generally explained by 
assuming that genes are located in specific sites on chromosomes. 
